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CHAPTER I. INTRODUCTION 
Soil erosion has been a m^or world problem for many centuries. 
Great empires like the Greek and Roman fell because of their unchecked 
soil erosion (Jacks and Whyte, 1939). Erosion has left the once fertile 
lands of North China, Persia, Mesopotamia, and North Africa in desert. 
The soil was gradually eroded away as the forests were cut down and 
replaced with continuous cultivated crops. Man's increasing demands 
for more grain resulted in exploitation of the fragile land, exceeding its 
natural ability to recuperate. With the demise of the land, entire empires 
crumbled. Today, most of the rich soil from Spain to Egypt lies at the 
bottom of the sea. The United States is also exploiting the soil for short 
term gains. Soil erosion can be controlled only by a nationwide effort to 
prevent further rapid and irreparable damage. 
Background 
Soil erosion is caused by two natural forces, wind and water. These 
forces can act beneficially, weathering rocks into smaller particles that 
will form soil. This is called geological erosion (Foth, 1978). However, 
where man disturbs the soil and removes the vegetation, detrimental 
erosion processes are accelerated which are termed soil erosion. Wind 
can lift and move soil across many miles, dumping it when there is no 
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longer enough energy to keep it suspended. Similarly, water acts on soil, 
moving it from upland slopes to valley flood plains and deltas. 
Accelerated water erosion causes problems for the land owner, who loses 
the nutrient rich top soil which decreases productivity, as well as off-site 
users of runoff water or adjacent landowners who end up with the 
deposited sediment. When farmers grow cultivated row crops such as 
corn and soybeans, there is little surface water storage compared to that 
occurring with meadow or small grain, causing both the volume of runoff 
and peak runoff rate to increase (Schwab, et al., 1981). This change in 
hydrology creates further problems in rivers and streams, causing the 
flood plains and bottoms to erode during these peak runoff periods. 
Currently, forty-six percent of the land in Iowa is eroding at rates above 
the acceptable soil erosion limits to maintain crop productivity (Carlson, 
1986), thus, more research and implementation of erosion control 
measures are needed to control it. 
There are four effects that soil erosion has on crop land: nutrient 
loss, decreased water storage capacity, crop damage, and decreased 
farmability. The first effect concerns the loss of top soil, which contains 
the richest supply of soil nutrients of any soil layer. The top soil contains 
about 12.5 dollars worth of nitrogen, phosphorus and potassium per ton. 
This translates into a 62.5 dollar/acre loss when erosion is kept at the 5 
ton/acre allowable limit (Melvin, 1988). Second, erosion reduces the 
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amount of soil available to store soil moisture. Also, water that causes 
erosion is lost and cannot be used by the crop. If this water were allowed 
to infiltrate, higher crop yields could be expected where rainfall is 
limiting. Third, rills and gullies destroy young plant seedlings by 
removing the soil from there roots and displacing them down slope. 
Although the number of plants that are destroyed in this manner may 
represent only a small percentage of plants in a total field, it produces 
noticeable yield reductions. Sediment deposits at the bottom end of the 
fields, burying the young plants and the well-structured soil. Because of 
poor sediment structure, water and air movement is greatly restricted. 
Field drainage is slow, often preventing spring tillage and planting in this 
area. The fourth and most noticeable effect of erosion is the land 
abandonment by farmers when the field is cut up by gullies. As these 
gullies deepen and advance, they cut fields into small, irregular plots that 
become impractical to farm (Foth, 1978). Gully growth can be directly 
related to the increased peak runoff rates. When soil erosion continues 
unchecked, the productive foundation of our country's soil resource is 
slowly lost. Erosion often goes unnoticed or unchecked until it is too late 
(Carlson, 1986). 
Besides affecting cropland itself, erosion from land is a serious 
problem in other ways. "Sediment or soil is a major pollutant in the 
country exceeding 500 to 700 times the amount of sewage discharged into 
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waters" (Poth, 1978). There are at least five off-site problem areas caused 
by sediment. These problems result in damage to: transportation, 
navigation, reservoirs, municipal water supplies, fish, wildlife, and 
recreation. 
Sediment clogs road ditches, culverts, waterways, and stream 
channels (Rosenberry et al., 1986) damaging transportation systems. In 
addition, increased runoff volumes and runoff rates cause flow in ditches 
and waterways to rise above roads, washing away the road beds. The 
state of Iowa spends about 8 million dollars a year to help mitigate the 
sediment problem (Rosenberry et al., 1986). 
Sediment deposits occur on the bottom of navigable rivers and 
waterways causing damage to navigation. These deposits are periodically 
dredged to maintain the usefulness of the navigation channels. The U.S. 
Army Corps of Engineers spends over 300 million dollars annually to 
dredge our nation's rivers and waterways (Crowder, 1987). 
When sediment-laden water enters a reservoir, the sediment can 
settle out, reducing the reservoir's water storage capacity. Water 
displaced by sediment can no longer be used for its intended purpose. 
Water enriched by nutrients released from the deposited sediment causes 
increased growth of water plants that have no economic value (Crowder, 
1987) and increase the rate of sediment deposition. Estimates of dollar 
damages to reservoirs range from 310 million to 1.6 billion annually in the 
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damages to reservoirs range from 310 million to 1.6 billion annually in the 
United States (Crowder, 1987). 
Clean water is essential for public water supplies. Over half the urban 
population obtains its municipal water from surface water (Foth, 1978), 
which must be filtered to remove sediment. This sediment is often high in 
phosphorus, pesticides, and heavy metals and therefore must be removed 
before the water is suitable for human consumption. 
Sediment in rivers, lakes, and streams has a negative impact on fish, 
wildlife, and recreation. Because sediment is rich in plant nutrients, 
plants flourish, choking the other forms of wildlife by consuming the 
oxygen when they die and decompose. Lake areas are reduced by siltation 
of headwater areas. Excessive plant growth, muddy water, and reduced 
fishing have undesirable effects on recreation. 
To protect the public's interest in maintaining clean water, more 
accurate erosion prediction and more effective erosion control practices 
are needed. Currently, conservation planners use the Universal Soil Loss 
Equation (USLE) (Carlson, 1986), developed by Wischmeier and Smith 
(1965) to estimate soil erosion. This equation is an empirical equation 
statistically developed from results from small erosion plots. Because of 
its statistical nature, the USLE is only capable of producing loss estimates 
for long-term averages. While the USLE has been accepted as the current 
best estimate for predicting soil loss, planners are demanding more 
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refined techniques that will incorporate newer methods and technologies 
(Carlson, 1986). 
Even though soil erosion has long been recognized as a problem in 
the world, knowledge about subprocesses is still very limited. The 
mechanics of erosion involve both soil and fluid interactions that are 
complex, and, at present, not well understood. While the effects of soil 
erosion are easily seen in the sediment-laden water and erosion scars on 
the landscape, the processes of soil detachment are harder to define and 
study. To develop sound engineering designs and recommendations for 
erosion control, the engineer needs accurate models that will predict field 
erosion. With the current convenience and capability of the personal 
computer, more complex models can be developed and used which should 
be more accurate. However, new knowledge of erosion processes and the 
mathematical relationships involved are needed to produce these 
advances. 
Headcutting is often mentioned as an important subprocess in rill 
erosion (Meyer et al., 1975; Foster et al., 1984), yet there has been little 
research done to quantify this process. Studies on large classical gullies 
have indicated that headcuts occur in cohesive soils (Bradford and Fiest, 
1977; Handy, 1973; Van der Poel et al., 1986). According to Bradford and 
Piest (1977), gully headcuts normally advanced after the plunge pool 
undercuts the headcut face. Undercutting of rill headcuts was observed 
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by Meyer et al. (1975). As a result, some of the physical relationships that 
govern classical gullies may by applied to rill headcuts. 
To improve erosion prediction accuracy, more detailed research 
needs to be undertaken to develop sound basic theory for the various 
erosion processes. To meet the need for developing a headcut model, a 
field study was planned and preformed with objectives to address the 
complex subprocesses of rill headcutting. More accurate erosion 
prediction should help individual farmers and government planners to 
direct scarce funds to the erosion problems that have the greatest needs. 
Objectives 
Rill erosion is a significant contributor to soil loss from a field. It 
consists of shearing, headcutting, and side sloughing. Headcutting has 
been noted as being a significant contributor to the rill erosion process in 
many agricultural soils, and thus should be studied to determine how it 
can be modeled to increase the accuracy of predicting total soil erosion. 
Therefore, the specific objectives of this investigation were: 
* To express the rill headcutting process in a mathematical 
model using basic soil mechanic and fiuid dynamic principles. 
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• To evaluate the mathematical model of headcutting using data 
obtained by aerial photogrammetry. 
• To relate headcut erosion variables to soil, water, and 
site conditions. 
• To apply the rill headcutting model to evaluate methods 
for controlling headcut erosion. 
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CHAPTER IL LITERATURE REVIEW 
Soil erosion continues to be a megor concern in the United States 
although considerable research to correct the problem has been conducted 
by agricultural scientists. Early research was done to find short term 
solutions to immediate problems, instead of gaining understanding that 
could be applied to a wide range of field situations (Meyer and 
Moldenhauer, 1986). There have been many different approaches used to 
gain an understanding of the erosion process with widely varying results. 
Erosion prediction procedures have evolved which range from simple to 
very complex. Civil engineers have also investigated erosion problems on 
a somewhat larger scale in rivers and streams. 
To gain a better understanding of what past researchers have found 
important in studying the headcut phenomena in the erosion process, in 
this chapter we will first examine general investigations of erosion, then 
studies of classical gullies and arroyos, and, finally, flume studies on 
small channels used to simulate rivers. Because the thrust of this 
investigation is on the prediction of rill headcutting using a model, 
particular emphasis will by placed on the mathematical aspects of the 
erosion processes presented in the literature. 
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General Investigations of Soil Erosion 
The best known predictive equation for annual erosion rates is the 
Universal Soil Loss Equation (USLE), developed by Wischmeier and Smith 
in 1965. The equation is: 
AcRKLSCP (1) 
where: A 
R 
K 
LS 
C 
P 
This empirical equation was developed over a period of 40 years, and 
contains more than 10,000 plot-years of data from plots located in several 
states (Schwab et al., 1981; Foster et al., 1977). The USLE estimates the 
average annual erosion from field size areas and is used to plan 
conservation measures that will keep erosion within tolerable limits. 
While the USLE has been accepted as the current best method of 
= average annual soil loss, T/ha 
= rainfall and runofP erosivity index by geographic location 
= soil credibility factor, which is an erosion index for a 
particular soil in cultivated continuous fallow 
= topographic factor of length and slope 
= cropping management factor, which is the ratio of soil loss 
for a given condition to the soil loss from cultivated 
continuous fallow 
= conservation practice factor, which is the ratio of soil 
loss for a given practice to that for up and down the slope 
farming 
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predicting soil erosion, it is limited to predicting long-term averages. 
Because the USLE is a statistical regression equation, the potential for 
improving its accuracy is severely limited (Foster, 1987). 
Past erosion equations like the USLE have lumped both rill and 
interrill erosion into one process. In recent years, there has been a thrust 
to develop erosion models based on processes, instead of using the black 
box approaches of the past (Foster et al., 1977). Because of their clear 
distinction in erosion processes, rill and interrill processes are now 
separated. Interrill erosion occurs as raindrops impact the soil and 
detach soil particles, which are then transported downhill. Rills are 
formed when water concentrates and cuts small channels in the earth. 
Both processes combine to cause the destructive loss of the precious top 
soil. 
Foster et al. (1977) presented an equation that divides total erosion 
into that from rill and interrill processes. This equation is: 
G = Gf + Gj (2) 
where: G = sediment load per unit width per unit time, g/m/sec 
Gp = contribution from rill erosion, g/m/sec 
Gi = contribution from interrill erosion, g/m/sec 
If this equation is differentiated with respect to distance, the 
following equation is obtained: 
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dG/dx = Dr + Di (3) 
where: Dj. = rill detachment rate, g/m^/sec 
Dj = interrill detachment rate, g/m^/sec 
X = distance, m 
These approaches have set the framework for current erosion 
investigations. 
Interrill erosion has been expressed as a function of rainfall intensity 
(Laflen et al., 1987) in the equation: 
Di = Kil2 (4) 
where: Kj = interrill soil erodibility, (g/m2/sec)/(mm/sec)2 
I s rainfall intensity, mm/sec 
This equation is being used in erosion models to predict the soil erosion 
from rainfall impact. No further discussion of interrill erosion will be 
presented in this document. 
Rill erosion is not yet fully understood because of the complex 
subprocesses involved. In the past, these subprocesses have been lumped 
together and rill erosion has been simply related to discharge rate, or 
average hydraulic shear (Foster et al., 1984; Foster et al., 1987). More 
recently rill erosion processes have been divided into three subprocesses: 
headcutting, shearing, and side sloughing (Meyer et al., 1975; Foster et 
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headcutting, shearing, and side sloughing (Meyer et al., 1975; Foster et 
al., 1984; Elliot, 1988). Each process contributes to the total rill erosion. 
Many of the factors that affect the rate of rill erosion have been 
examined, such as slope, discharge, flow velocity, hydraulic shear, and 
flow energy. Because these factors are not independent, it is difficult to 
judge what model should be used to predict soil erosion. The following 
discussion of these factors, as they relate to soil erosion will examine both 
current theory and interdependence with other factors. 
Rill erosion increases with slope for the same soil and runoff 
conditions. At slopes of 0.5%, Meyer and Harmon (1985) found that there 
was net deposition in the rills due to interrill erosion. On slopes of 2% and 
greater, rill erosion removed additional sediment. Meyer (1965) proposed 
that his research data supported the conclusion that erosion was 
proportional to the slope steepness to a power of 1.2 to 1.6. Transport 
capacity was proportional to slope to the 1.4 power, and the flow velocity 
was proportional to the slope to the 0.35 power. Foster et al. (1984) found 
that flow characteristics also changed on a fixed-bed simulated rill when 
slope increased. At 3% slope, the flow was subcritical at some sections 
and supercritical at others. At 6% and 9% the flow was supercritical at 
all locations. 
Slope is independent of discharge; but, flow velocity, hydraulic 
shear, and flow energy are dependent on discharge and increase with 
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shear, and flow energy are dependent on discharge and increase with 
slope. Hydraulic shear is defined as: 
x = iRS (5) 
where: x = average hydraulic shear stress, N/m^ 
y = unit weight of water, N/m3 
R = hydraulic radius, A/P, m 
with: A= cross-sectional area, 
P = wetted perimeter, m 
S = slope of energy grade line, m/m 
Hydraulic shear is linearly proportional to slope. 
Higher discharge rates cause greater erosion. Meyer (1965) found 
that soil erosion increased with increasing discharge. His research also 
showed an increase in velocity due to increased discharge rates. Flow 
velocity, hydraulic shear, and energy are all dependent on the discharge 
and are directly related to it. Several studies have examined flow velocity 
in rills (Meyer, 1965; Foster et al., 1984; Merritt, 1984). Flow is spatially 
varied, changing in depth, width, and velocity along the length of a rill. 
Foster et al. (1984) found that the velocity ratios of the minimum to mean 
and maximum to mean were 0.6 and 1.6, respectfully, that the velocity 
variations followed the normal (Guassian) distribution and that the 
standard deviation of the velocity increased on slopes greater than 2%. 
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They also found that velocity profiles at a given cross-section of the rill 
were described well by the Prandtl-von Karman equation (Chow, 1959): 
u = (l/k)V*ln(y/yo) (6) 
where: u = point velocity, m/sec 
k = von Karman universal constant 
V* = shear velocity, m/sec 
y = height above channel bottom, m 
yo = an integration constant, m 
The Prandtl-von Karman equation predicts the highest flow velocities at 
the water surface with low velocities near the rill boundaries. Meyer 
(1965) suggested that the sediment transport capacity is a function of the 
velocity to the fifth power. The tractive force was proportional to the 
velocity squared (Meyer, 1965). Moore and Burch (1986) defined stream 
power as the velocity slope product, introducing a energy term defined 
using the velocity. 
Hydraulic shear has been used by Laflen et al. (1987) to express the 
rate of rill erosion as: 
Dj. = Kj.(x-XQ) (7) 
where: X(. = critical hydraulic shear stress needed to initiate erosion, 
N/m2 
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Kf = coefficient dependent on soil properties, g/N/sec 
The hydraulic shear stress , x, for uniform flow is defined by Equation 5. 
Foster et al. (1977) also expressed the rill erosion rate in terms of 
elective shear stress, but raised to the 3/2 power. If the rill shape is 
assumed to be wide and shallow, the hydraulic radius may be estimated 
by the flow depth. Using the depth substitution, the rill detachment rate is 
proportional to the flow depth. Because the depth is highly correlated to 
the discharge, there is a direct relationship between discharge and 
hydraulic shear. One problem in this approach is that, at particular 
locations along a rill, hydraulic shear stresses may be ten times greater 
than the mean value (Foster et al., 1984). This large variability in shear 
stress may explain the wide range in critical shear values (Elliot et al., 
1988). 
Energy is the final common way of predicting rill soil erosion. Elliot 
(1988) presented an energy equation of the form: 
Ep = (Mwgh)/(wrl) (8) 
where: Ep = rill flow potential energy dissipation rate, N/sec m 
= mass of flowing water in rill, kg/sec 
g = acceleration due to gravity, m/sec^ 
h = head loss, m 
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Wf = width of rill, m 
1 = length of rill, m 
By assuming that one of water has a mass of 1000 kg and that the head 
loss is the slope-length product, the equation is reduced to: 
Ep = (Y(owQs)/(wr) (9) 
where: = unit weight of water, N/m^ 
Q = rill discharge rate, m^/sec 
Elliot concluded that potential energy was the best parameter to predict 
rill erosion. Potential energy was superior to both water velocity and 
hydraulic shear (Elliot, 1988). Moore and Burch (1986) used unit stream 
power to evaluate rill erosion. The equation was: 
Pe=Vs (10) 
where: Pe = potential energy dissipation rate per unit weight of 
water, m/sec 
Moore and Burch (1986) fit an empirical relationship to their equations in 
terms of the discharge slope, width, and Manning's n friction factor. 
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This equation was: 
Pe=V8 = (Q/J)0.25[(8l.375)/(n0.76)]c0.5 (11) 
where: J = number of rills 
n = Manning's n 
CO.5 ss shape factor = R/(A0*5) 
When only one rill is present, the equation reduces to: 
P = Q0.25[(gl.375yn0.75]c0.5 (12) 
This equation produced satisfactory correlations between erosion and the 
given factor. Moore and Burch (1986) suggest that there exists a critical 
unit stream power needed to initiate rill erosion. However, defining 
critical unit stream power at incipient motion in terms of the critical 
velocity produced very poor correlations with the observed data. 
Investigations on Agricultural Soils 
Rill headcutting has been noted by many researchers (Merritt, 1984; 
Meyer, 1965; Foster et al., 1984; Romkens, 1985; Meyer et al., 1975; Brown 
et al., 1988; Mosely, 1974; Elliot, 1988). Meyer et al. (1975) noted that 
headcuts develop in spite of the fact that the rills were uniform before the 
process began. Flow converging through narrow chutes accelerates and 
increases in turbulence, which initiates headcuts in rills (Meyer et al., 
1975; Merritt, 1984). Foster et al. (1982) noted that in freshly tilled plots, 
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localized headcuts moved the entire length of the channel, scouring the 
rill to a non-erodible layer. Brown et al. (1988) found that headcuts formed 
in irrigation furrows when slopes exceeded 1%. Headcuts were noted to 
cause large erosion points in microrills when flow concentrated at the 
lower end of large flat interrill type plots (Merritt, 1984; Moore and Burch, 
1986). 
Headcuts in rills are complex and have not been mathematically 
described with any accepted model. Many researchers have observed 
headcuts in rills and have described factors that they believe influence rill 
headcutting. Meyer et al. (1975) presented a theory that rill erosion was a 
function of headcutting and scour as given by the equation: 
Ej» — Eg + Ejj (13) 
where: Ey = rill erosion, g/sec/m 
Eg = scour erosion, g/sec/m 
Eh = headcut erosion, g/sec/m 
Meyer further hypothesized that the headcut portion of this equation was 
a function of the discharge with the following form: 
Eh = A3(Q-Qp)A4 (14) 
where: Qp = critical discharge needed to initiate headcutting, m^/sec 
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Ag = soil headcutting constant 
A4 = exponent probably greater than 1. 
The exponent power A4 was thought to be between 1 and 1.5. Meyer et al. 
(1975) abandoned verification of equations 13 and 14 due to insufficient 
data. Elliot (1988) presented a headcut equation in terms of energy 
dissipation of the flowing water expressed as: 
Dh = Kh(Qs/wr) (15) 
where: = detachment of soil due to headcutting, g/sec-m^ 
K}i = soil headcutting erodibility constant, 
Q = discharge in rill, m^/sec 
Because Elliot (1988) did not have specific headcut data, this equation was 
not verified. 
Meyer et al. (1975) believed that headcutting was a function of slope, 
discharge, soil, and crop residue coverage. 
The flow characteristics change drastically at headcuts going from 
supercritical flow to subcritical, often accompanied by plunge pools where 
sediment accumulates. Merritt (1984) noted the sediment below the 
headcuts and stated that the erosion rate at headcuts exceeds the 
transport capacity of the flow. Meyer and Harmon (1985) believed that 
some of the variability in their data was due to headcuts which localized 
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the erosion and reduced overall erosion rates. Foster et al. (1984) found 
that the velocity of the flow did not increase at a headcut in a fixed-bed 
flume study. Changes in rill at headcuts need to be understood to improve 
erosion prediction models. 
Gullies and Arroyos 
Gullies and arroyos are similar to rills but on a much larger scale. 
They are always characterized by a large headcut at the upper end that 
may grow and dissect fields. Because man has increased runoff rates by 
cultivating or overgrazing land, gullying has increased (Piest et al., 1975). 
Arroyos are deep, incised channels found in arid regions. These 
channels carry water few times during the year but can carry large 
volumes during peak flows. Researchers have used several methods of 
monitoring headcuts and have discovered several modes of soil failure at 
the face of the headcut. They have described possible changes in 
geomorphology, but have presented few equations to predict their growth. 
Beer and Johnson (1963) and Spomer et al. (1986) used topographic 
surveys of gullies to determine how much soil was voided from headcuts 
in Iowa and Nebraska. Erosion pins and rods have also been used to 
evaluate the changes in gullies by Malde and Scott (1977) and Finley and 
Gustavson (1983). Finley and Gustavson (1983) monitored headcuts using 
a reinforcing rod driven horizontally into the soil face of the headcut, 
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which was then driven in flush with the face again after each rainfall-
erosion event. In addition to erosion pins, Malde and Scott (1977) 
evaluated headcut movement with repeated photographs taken in stereo 
pairs from aerial surveys. To measure displacement and bank failure in 
another study (Van der Poel et al., 1986), displacement tubes were placed 
in the soil prior to headcut passage so that soil failure under the surface 
could also be monitored. 
Researchers have described three causes of headcut erosion 
advances: plunge pool erosion, slumping, and bank failure. Van der Poel 
et al. (1986) believed that the plunge pool was significant in headcut 
movement. Harvey and Watson (1986) felt that removal of the soil at the 
toe of headcut resulted in the face of the headcut being kept vertical, 
making it subject to more failure. Piest et al. (1975) believed material is 
removed from the plunge pool during the rising stage of the storm which 
causes the face to fail. Vertical faces fail by large flakes and chips 
slumping into the channel, which perpetuate the headcut. Harvey and 
Watson (1986) discussed three mechanisms of gully wall failure: deep-
seated circular-arc toe failure, slab failure, and pop out failure. These 
mechanisms can be related to material properties such as the angle of 
repose or cohesion. If the soil from these failures was removed, the banks 
would continue to fail (Malde and Scott, 1977). 
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Observations of headcuts provide insight into the geomorphical 
processes involved in initiating and sustaining the headcut phenomena. 
In both field and flume studies, headcuts only form in cohesive materials 
or in layered cohesive and noncohesive materials (Ritter, 1986). Alluvial 
material that is capped with a more erosion resistive material tends to 
allow headcuts to develop and the face remain vertical (Bitter, 1986). 
Harvey et al. (1985) believed that there exists a threshold that must be 
overcome before incision will occur. Finley and Gustavson (1983) observed 
that the number of headcuts in a given stretch of a channel increases 
when the slope is increased. When a channel headcut moves upstream, 
researchers have noted that the energy grade slope increased when the 
bed consisted of resistant material. Channels with some large bed 
material vtrill armor, resulting in a steeper channel (Piest et al., 1975; 
Richards, 1982). However, if the armor layer is broken, headcuts will 
reappear. In soils without resistive materials, headcuts migrate 
upstream without increasing the channel slope. Handy (1973) believed 
that gullies grew because the saturated soil had a moisture constant 
greater than the liquid limit, although Piest et al. (1975) found lower gully 
erosion rates on watersheds with high subsurface seepage compared to 
watersheds without subsurface flows. Piest et al. (1975) established that 
gully erosion was a function of transport capacity. Finely and Gustavson 
(1983) found deposition occurred below headcuts, supporting the transport 
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(1983) found deposition occurred below headcuts, supporting the transport 
limiting theory. 
Few researchers have used equations to predict headcut movement 
and erosion rates. Richards (1982) used a potential energy approach to 
define stream power in terms of height of fall as: 
Pe = mgh (16) 
where: Pe = potential energy, N-m 
m = mass, kg 
h = height above datum, m 
If the potential energy is being continually replenished by inflow from 
upstream, then the rate of potential energy dissipated per unit length can 
be expressed as: 
Pe = YWQ® (17) 
Another stream power equation was presented by Piest et al. (1975) 
as: 
Pep = xwV = xPV (18) 
where: Pep= stream power, N/sec 
w = flow width, m (approximately equal to P, the wetted 
perimeter) 
Equation 18 has units of Newtons per second, while Equation 17 has units 
of Newton-meters (or joules) per second. Only Equation 17 has the correct 
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units for power. Piest et al. (1975) found that neither tractive force nor 
stream power explained gully growth, although removal of the material 
at the toe did cause farther erosion. Beer and Johnson (1963) developed a 
regression equation from survey data in Western Iowa gullies. The 
parameters that explained the data best were the catchment area and 
slope. Their findings would possibly support an energy term to predict 
erosion from gullies and arroyos. 
River Studies Conducted in Small Flumes 
Researchers investigating headcuts in rivers and streams often use 
small scale models that produce rills similar to those in agricultural 
fields. Investigations using laboratory flumes offer greater control of the 
processes involved and often lead to more detailed observations. These 
researchers often refer to headcuts as "knickpoints" when investigating 
rivers and waterways. Knickpoints are generally vertical drops, although 
a break in slope can also be referred to as a knickpoint. Slopes used in 
these small scale models are often close to those of streams and rivers, 
i.e., from 1% to 3%, which are much less than common agricultural land 
slopes. Investigators using flume studies have given detailed descriptions 
of headcut movement and its eflect on geomorphology. They have 
presented theory to predict headcut movement, although little validation 
has come from the limited data sets. These researchers have also 
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described headcuts with deep plunge pools, sediment fans, and hydraulic 
jumps. A plunge pool at the bottom of a headcut allows the vertical face to 
be maintained during upstream migration of the headcut (Begin et al., 
1980; Holland and Pickup, 1976). When the plunge pool is unable to 
transport the sediment entering it, aggregation takes place and the 
headcut diminishes and is soon obliterated (Begin et al., 1980). If the 
plunge pool can dispose of the material, the erosion at the headcut will 
continue independently of the transport capacity of flow in the rill. 
Sediment deposition below headcuts often causes meandering which 
reduces the thalweg slope and increases the width (Brush and Wolman, 
1960). Flow characteristics change from supercritical to subcritical as 
water flows through a headcut. Supercritical flow is capable of eroding 
large amounts of sediment while subcritical flow has a lower erosive 
capacity (Gardner, 1983; Begin et al., 1980). Gardner (1983) found that 
knickpoints tended to flatten out, causing the headcut to gradually 
disappear in a simulated rock study using a slurry of sand, silt, clay, and 
kaolinite clay that was allowed to "set up". Begin et al. (1980) found that in 
noncohesive materials, headcuts would not remain vertical and would 
quickly rotate about an axis close to its center with large amounts of 
erosion above the axis and deposition below. 
Investigators have noted that the shape of the headcut has an effect 
on the erosion which takes place (Gardner, 1983; Begin et al., 1980; 
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Holland and Pickup, 1976). Holland and Pickup (1976) concluded that 
semicircular shaped headcuts were the most stable and that straight 
headcuts would erode faster. Begin et al. (1980) supported this with 
observations that headcuts initially straight soon become concave (with 
the center of curvature downstream) when additional soil eroded. 
Headcuts that remain perpendicular to the flow often erode at rates which 
will allow deposited sediment to obliterate them as the flow of water is 
slowed and stopped. Once the flow is allowed to continue, the headcut will 
reappear and continue to move upstream. 
Gardner (1983) presented four "models" of knickpoint evolution, 
depending upon the geology of the eroding channel (Figure 1). 
Investigations with noncohesive materials support the conceptual 
"inclinations models" further developed by Gardner (1983) with 
downstream aggradation (Begin et al., 1980; Brush and Wolman, 1960). 
Gardner (1983) observed knickpoints that supported the inclination model 
in very erosion resistant simulated rock. 
Natural headcuts like Niagara Falls occur in layered sedimentary 
bedrock material which is undermined because the underlying material 
is much more erodible than the surface cap. These headcuts migrate 
upstream without decreasing in slope. Holland and Pickup (1976) 
supported the parallel retreat model in Figure 1 with observations from a 
flume study using stratified cohesion and noncohesive materials. 
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Figure 1. Models of headcut (knickpoint) evolution for various types of bed 
material (Gardner, 1983) 
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Models and equations have been developed to predict headcut erosion, 
and headcut or knickpoint migration. Although investigators have 
presented theory and predictive equations, very few have collected the 
necessary data to validate the models. Validation is difficult in river and 
stream situations because of the expense involved with measuring 
discharge and sediment concentrations at headcut locations. 
Gardner (1983) presented a shear model from Gressler (1971 as cited 
in Gardner 1983), which is similar to rill erosion models as: 
Ss ~ k(^o " ^cr)^ (19) 
where: gg = sediment transport rate per unit width, g/sec/m 
k = a dimensional constant, g/sec/m 
Tq = hydraulic shear stress yRS, N/m^ 
Xcr = critical shear stress, N/m^ 
p s an exponent 
This model has similar assumptions to the rill erosion model, given in 
Equation 7, in that erosion is initiated only after a critical value of hydraulic 
shear is exceeded. The shear model is not suited to headcuts and 
knickpoints that have vertical faces because the hydraulic radius is difficult 
to define and constantly changing over the face. Because the shear model 
was developed for rivers to express the general sediment transport rate, it 
may not accurately predict headcut migration. 
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Begin et al. (1980) derived a headcut equation which used the error 
function is the form: 
Ay/yg = l-erfi£/(kt0.5) (20) 
where: Ay = difference in elevation, m 
yo = base level lowering, m 
erf = error function defined as erf z = 2/% Jgexp(-m2)dm 
X = distance from outlet, m 
k = "difRision coefficient" (a version of heat diffusion), m^/sec 
t = time, sec 
This equation predicts a different migration rate, depending on the 
height of the headcut. Shorter headcuts migrate upstream faster than 
those with greater differences in elevations. In fiume studies, small 
headcuts and secondary headcuts appeared and moved quickly upstream 
supporting this theory (Begin et al., 1980; Holland and Pickup, 1976). 
However when families of curves were generated from Equation 20, the data 
collected did not fit the equation. 
Summary 
The review of literature covers research that has been conducted on 
rills, classical gullies, and small flumes to obtain data to describe headcut 
erosion. Many researchers have described the occurrence of headcuts in 
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the rill erosion process, but they have been unable to mathematically 
quantify or model them. Several headcut models have been proposed to 
describe headcut formation and movement, but the models have not been 
validated due to insufficient data. If soil erosion research is to advance, 
accurate models for erosion subprocesses must be developed. 
32 
CHAPTER III. THEORY OF HEADCUT MIGRATION 
This chapter reviews the theory that has been presented by other 
investigators and presents new theory that might help explain the headcut 
phenomena. The complexity of headcut erosion prevents complete 
explanation of all subprocesses involved. 
Discharge Model 
Meyer et al. (1975) presented a simple equation which predicted the 
amount of erosion due to headcuts as: 
Eh=A3(Q-Qp)A4 (14) 
Use of this equation requires the evaluation of the soil susceptibility to 
headcutting (A3), a critical discharge (Qp), and the exponent (A4). These 
constants would be a function of slope, soil type, and rill geometry and are 
evaluated using standard regression techniques (Meyer et al., 1975). In this 
study, this model will be labled Model 1 and will be simplified to have an 
exponent of 1, and the critical discharge will be determined by the x 
intercept. The form of this model becomes: 
Dh = (KhiQ)/l (21) 
where: Dj^ = detachment due to headcutting, g/sec-m 
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Khp rill headcut soil erodibility factor, g/m 
1 = rill length, m 
Model 1 is a simple model which is easy to evaluate and can be quickly 
incorporated into a more complex model. 
Energy Models 
Elliot (1988) developed a headcut equation which uses an energy 
approach in the form: 
Dh=Kh(Qs/wr) (15) 
where: = detachment of soil due to headcutting, g/sec/m^ 
Kh = headcut coefficient, g/m^ 
Q = discharge, m^/sec 
s = slope, m/m 
Wy = rill width, m 
This equation incorporates the slope and width of the rill. The headcut 
coefficient would be related to soil properties. Elliot (1988) found that this 
equation was statistically superior to the shear equation and concluded that 
the energy model alone was preferred over a combination model of shear 
and energy in predicting rill erosion. The energy models that will be 
evaluated in this study to mathematically explain headcut erosion are based 
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on the energy dissipated by headcuts in the rill. The first energy model, 
labled Model 2 incorporates the total energy loss by all headcuts along a rill 
as: 
Dh = (KhzQ^tVl (22) 
where: = rill headcut soil erodibility factor, g/N 
y = unit weight of water, N/m^ 
Ht = sum of the elevation drop of the headcuts in rill, m 
The second energy model labeled Model 3, is similar to Model 2 in 
that it is an energy dissipation model. Model 3 replaces the sum of the 
headcut elevation drops with the mean elevation drop. Model 3 is: 
Dh = (KhsQ^yi (23) 
where: Kh3 = rill headcut soil erodibility factor, g/N-m 
h = mean headcut height, m 
Erosion prediction equations often include a constant to reflect a 
threshold value of the governing parameter. If the threshold theory is true, 
the equation using the energy approach becomes: 
Dh=Kh(Qs/wr-(Qs/wr)(.) (24) 
If the critical energy needed to initiate headcut erosion is expressed as a soil 
constant (CI), Equation 22 becomes: 
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Dh=Kh(Qs/wr-Cl) (25) 
This equation predicts that at low energy dissipation rates, little or no 
erosion would occur at the headcut locations. However, if headcuts have 
already been established at higher energy dissipation rates, it is unlikely 
that headcut erosion would cease at a lower discharge, but would likely 
have a different threshold value. Nonetheless, no headcuts would be 
initiated at low flow rates in an established channel. If a threshold value is 
needed in the equation, the models will have x intercepts which will be 
different from zero and can then be further evaluated. 
Momentum Equation Derivation for a Headcut 
The momentum equation is derived directly from Newton's Second 
Law (Prasuhn, 1980). The equation expresses the forces due to flowing fluid 
in terms of vectors. The general equation can be expressed as; 
The control volume for a headcut is from the face of the headcut to the 
plunge pool. Applying this equation to one dimensional steady state 
conditions and making the necessary mathematical manipulations 
presented by Prasuhn (1980), the momentum equation becomes: 
ZF = gt(MV) (26) 
For steady state flow the equation becomes: 
SFsJcontrol volume pV(Vdv) (27) 
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SPy = (pVyVA)2-(pVyVA)i (28) 
Where: p = water density, kg/m^ 
Vy = velocity in y direction, m/sec 
V = average velocity at a cross section, m/sec 
A = cross section area, m^ 
If the continuity equation is substituted in its usual form: 
Q=VA (29) 
Then the final form of Equation 26 becomes: 
IFy = (pQVy)2-(pQVy)i (30) 
Which can be simplified to: 
IFy = pQ(Vy2-Vyi) (31) 
Equation 29 can be applied to a headcut with forces as shown in Figure 2. 
The forces in the control volume are illustrated in Figure 3. The positive y 
direction will be designated as up making the velocity Vyi negative thus, the 
entire second term is positive. Because there is no water leaving the section 
in the y direction, the equation reduces to: 
Fy • Wt + Pyshear - pQCVyi) (32) 
Where: Fy = force exerted by soil in the plunge pool of headcut, N 
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Control 
Volume 
Figure 2. Schematic diagram of water flowing over a headcut showing 
control volume 
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XSHEAR 
Figure 3. Control volume showing all forces acting on soil 
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Wt = weight of fluid in control volume, N 
Fyshear ~ shear on headcut face, N 
There is no force except surface tension pulling the water to the face, so the 
shear force is very negligible in this analysis and will be ignored. Likewise, 
the weight component of the control volume is about 5% of the momentum 
component, and counteracts any shear on the face and will be ignored in 
this analysis. The final form of the equation becomes: 
Fy = pQVyl (33) 
Assuming that the water has no initial velocity in the y direction before the 
headcut, the velocity can be calculated from Newton's First Law: 
Vy = at = gt (34) 
and: 
JVydt = /gtdt (35) 
Doing the integration gives the fall distance: 
H=l/2gt2 (36) 
Using Equations 35 and 36, the fall velocity can be calculated for a given 
headcut with: 
Vy = (2gH)0.5 (37) 
Velocities for different fall elevations have been calculated using Equation 
37 and are presented in Table 1. 
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Table 1. Computed fall velocities for various 
fall heights 
FaUHeight FéÔI ÏWe Velocity 
m sec m/sec 
0.01 0.045 0.443 
0.02 0.064 0.626 
0.05 0.101 0.990 
0.10 0.143 1.400 
0.20 0.202 1.981 
0.60 0.319 3.131 
1.00 0.452 4.429 
The vertical force model, labeled Model 4 which will be evaluated is derived 
from Equation 33 in which a soil coefficient is multiplied by the force in the 
bottom of the plunge pool to determine the detachment. Model 4 is: 
Dh ~ ( ^h4PQ^y l)^ (38) 
where: Kh4 _ nU headcut soil erodibility parameter, g/N 
Vyl = vertical velocity due to the acceleration of gravity for the 
headcut height, m 
Model 4 is similar to Model 2 but difiTers by hO S although it represents a 
completely separate concept. 
Equation 28 applied to the horizontal direction becomes: 
% = PQ(VX2-VXI) (39) 
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Because the velocity of water in the x direction entering the headcut is 
negligible, the equation becomes: 
ZFx = PQVx2 (40) 
The forces which act on the control volume are: 
Fx - F2X - Fxshear = pQVx2 (41) 
where: F* = horizontal force on the back wall of a headcut, N 
P2x = static water force - l/Zyd^w, N 
with d = water depth, m 
Fxshear = shear friction force resting flow, N 
In the short length of the control volume, the friction force is small and will 
be ignored in this analysis. The force exerted by the water is added to the 
momentum force to become: 
Fx = pQVx2 + l/2Yd2w (42) 
Because the depth of water leaving the plunge pool is proportional to the 
velocity, the final model, labled Model 5 which will evaluate the erosion due 
to the horizontal force is: 
Dh = (Kh5PQVx2)/l (43) 
where: Kh5 = rill headcut soil erodibility parameter, g/N 
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Vx2 = mean water velocity in the horizontal direction, m 
This force indicates the force on the face of the headcut and may be 
important in determining what headcut height a soil could support. 
Soil Mechanics at Headcut Failure 
Consider the soil in a headcut just before failure when all the 
resistive forces are completely activated. In this situation, the soil is 
subjected to the weight of the flowing water above the headcut and the back 
pressure below. In this case in nature, the soil in the rill bottom is 
generally saturated before rill erosion begins. However, because the total 
soil profile is not saturated, negative pore pressures may exist. In this 
analysis, negative pore pressure forces will be assumed to add to the 
cohesion term as is commonly done (Lambe and Whitman, 1979). 
In the two dimensional unit width situation shown in Figure 4, 
consider all forces for a unit width situation where: 
Qg = pressure of flowing water on soil wedge, N/m2 
P = back pressure from water, N/m^ 
W ss weight of soil wedge, N/m^ 
C = soil cohesion, N/m^ 
X = soil shearing resistance, N/m^ 
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Figure 4. Rankine wedge of a headcut showing all the forces acting upon 
soil 
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T| = normal resistance, N/m^ 
U = pore pressure, N/m2 
Other important parameters: 
H = Height of headcut, m 
6 = failure angle generally assumed to be 45 + 0/2 
0 = soil (notion angle 
% = total unit weight of soil plus water, N/m^ 
Tb = buoyant unit weight of soil, N/m3 
Yw = Unit weight of water, N/m^ 
The pore pressure along the assumed boundary varies from zero at point M 
to yo)H at point J. The average pore pressure is 1/2^H. The pore pressure 
U and the shear force t are: 
U = (l/2ywH2)/sin0 (44) 
and 
x = 'ntan0 (45) 
The weight of the wet soil is: 
W=:l/2yxH2cot0 (46) 
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Just before headcut failure, £Fy = 0; therefore: 
W+qgHcot8-Csin6-Tsin8-(Ti +U)cos8 = 0 (47) 
Substituting for U, x and W leads to: 
l/2YtH2cot8+qgHcot0-Csin0-('ntan08in0)-('n+(l/2Y;yH2)/8in0)co80 = 0 (48) 
Simplifying: 
(l/2YtH+qs)Hcot0-C8in0-'n(sin0tan0+cos0)-l/2YvyHcot0 = 0 (49) 
Solving for Ti: 
Ti = (l/27bH+qg)Hcot0(l/sin0tan0+co80)-Csine/sin0tan0+cos0 (50) 
In the horizontal direction £Fx = 0; therefore: 
P-('n+U)sin0+xcos0+Csin0 = 0 (51) 
Substituting for U and x: 
P-('n+(l/2YwH2)sin0))sin0+'ntan0cos0+Ccos0 = 0 (52) 
Simplifying: 
P-'n(sin8-cos0tan0)-l/2YcoH2+Ccos0 = 0 (53) 
After substituting Equation 41 into Equation 44 and simplifying, we obtain: 
P = l/2YwH2+(l/2YbH+qs)Hcot0tan(0-0)-C(cos0+sin0tan(0-0) (54) 
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If a tension crack ever occurs above the headcut face, the entire wedge will 
fail. The force that the backwater exerts on the headcut face will not exist 
when the water is allowed to drain. The wedge can then fail during the dry 
part of the season as has been reported by Piest et al. (1975) studying 
classical gullies. 
Undercut Headcut 
When soils are moderately resistive to erosion on the surface, and 
underlying sediments are susceptible to erosion, the plunge pool will 
undercut the headcut face as shown in Figure 5. Because the maximum 
stress in the soil occurs at the toe of the headcut, the undercut situation is 
very unstable and prone to failure. 
The situation which is presented in the free body diagram in Figure 6 
has these forces: 
W = the weight of the soil slice, N/m^ 
X = shear resistance, N/m^ 
\\f = matric potential or negative pore pressure - Pa 
Because there is no force opposing the matric potential force, a couple is 
introduced. At the top of the soil slice, the forces are in tension, while at the 
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Under cut plungepool 
Figure 5. Progression of a headcut with undercutting of the face 
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Figure 6. Free-body diagram of the soil in undercut 
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bottom, they are in compression. When failure occurs the slice will rotate 
into the flow, temporarily filling the plunge pool. This soil will soon 
saturate with water and be transported downstream allowing the headcut to 
begin to undercut the face and continue the process. When the soil is failing 
and then being transported away, the system is in dynamic equilibrium 
with the flow rate and the soil's resistive strength. The water velocity 
increases when headcuts are present (Merritt, 1984) causing headcuts to be 
self-perpetuating rather than self-correcting (Hudson, 1985). 
Increased soil strength due to negative pore pressure has been 
investigated by Francis and Cruse (1983). They found that small changes in 
the negative pore pressure near 0 Pa had a large effect on increasing soil 
aggregate stability. Brown et al. (1988) believed that small clay particles 
armored the soil surface in furrows, reducing the infiltration rate. By 
reducing the infiltration rate, the matric potential would increase, causing 
the soil strength to increase. This theory supports soil mechanics theory on 
the apparent strength of silts and normally consolidated clays due to 
apparent cohesion. 
Jet Theory 
Researchers have investigated scour rates and threshold values for 
initiating scour with submerged water jets operating on cohesive soils. 
Because of the similar nature of a water jet to a headcut plunge pool, theory 
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developed for jets may be applicable to headcuts. Researchers conducting 
these investigations have been primarily concerned with river sediments, 
although agricultural cohesive soils are likely to behave in a like manner. 
Dunn (1959) devised a submerged jet apparatus to determine the 
cohesive strength of several clay soils taken from channels in Nebraska, 
Wyoming, and Colorado. After the sediment samples were oven dried, they 
were sieved through a standard #10 sieve, which has openings of 2 mm, and 
reconsolidated under saturated conditions. After allowing the samples to 
come to equilibrium, they were subjected to a submerged jet. When 
sediment began to be detached from the sample, the critical shear strength 
for the soil was noted. Dunn (1959) stated that the force causing the erosion 
was the viscous drag force of the fluid, and expressed the critical shear as 
an empirical relationship of vane shear strength and plasticity index as: 
xc = 0.001((Sv/47.88)+180)tan(30+1.73Ip) (55) 
where: Sy = vane shear strength in N/m^ 
Ip = plasticity index 
When his measured critical shear values are converted to SI units, the 
values range from 1.6 to 23.5 N/m^ and are 15 to 40 times greater than those 
predicted from the Shields Diagram (Vanoni, 1975). The Shields Diagram 
has been used to determine when sediment particles of a given size will 
begin to move. Flaxman, as cited in Vanoni (1975), reported that the 
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plasticity index was not an adequate indicator of critical shear stress. 
Dunn's data also support Flaxman's conclusion, and his data show that a 
relationship exists between the clay percentage and shear strength. 
Larson, as cited in Vanoni (1975), used submerged jets to evaluate the 
scour hole generated by a submerged jet. The scour pattern was described 
by two parameters, the velocity of the jet and the size of the jet. Larson 
states that the rate of scour will decrease as the flow section is enlarged by 
erosion. However, the function presented is a linear relationship between 
geometric variables and U«c given as: 
U*c = (To/p)0*5 (56) 
Where: U*c = shear velocity, m/sec^ 
This equation has also been used in other sediment transport equations to 
determine the rate of sediment transport. A more accurate function to 
predict jet scour should include a log term which Larson omitted (Vanoni, 
1975). Larson used values of critical shear from the Shields Diagram to 
determine the critical shear velocity. Values of critical shear stress have 
varied over a 200 fold range by different authors and suggest that the 
resistance to shear in cohesive soils varies greatly between soils (Vanoni, 
1975). 
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CHAPTER IV. METHODS OF DATA COLLECTION 
To meet the objectives of this study, a field experiment was 
performed. This experiment was part of the Water Erosion Prediction 
Project (WEPP) conducted during the summer of 1987. Because of the large 
national scope of the WEPP investigation, many soil properties and site 
variables were precisely measured, helping to give the necessary 
information to predict headcut movements. This chapter will describe the 
methods used to collect the experimental data for both the WEPP and the 
headcut investigations. 
Soil Selection 
Soils were selected for the WEPP investigation by a team of scientists 
with the objectives to cover the major cropland areas in the United States. 
Because of past criticisms with the regional nature of the data used to 
develop the Universal Soil Loss Equation (USLE), sites were selected from 
soils with large expansive territorial classifications in all the important 
cropland regions (Alberts et al., 1987). Criteria used to select the soils were 
developed with the desire to be able to predict interrill and rill erodabilities. 
Soils were also chosen to cover a broad range of soil properties. Soil 
properties included physical, chemical, and mineralogical characteristics 
that occur throughout the diverse range of U.S. cropland soils. Particular 
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emphasis was placed on soils known to be highly erodible and/or highly 
productive. Soils for which large amounts of research information were 
available, were given additional consideration. Soils were selected that had 
developed under a broad range of biological and climatic conditions from 
humid forests to deserts (Alberts et al., 1987). 
Headcut erosion data were collected on some of the erosion plots in 
conjunction with the WEPP investigation. Several soils were eliminated 
from this study due to large amounts of vegetation incorporated into the soil 
which would influence headcut erosion. Because of the detailed 
measurements required to evaluate headcut erosion rates, further selective 
elimination of soils was required to complete the study. Furthermore, 
analysis of much of the air photo data was incomplete at the time of this 
report, which prevented considering more soils. Soils were selected to 
include two sandy types, one silt, one clay, and three loamy types. These 
soils are a balanced subset of the WEPP soils and meet the purposes of this 
investigation. 
Data on the soils which were selected are presented in Tables 2 and 3. 
Soil taxonomy and site locations are given to aid the reader interpreting the 
soil information. For more detailed soil descriptions see Alberts et al. (1987) 
and Foster (1987). 
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Table 2. Sununaiy of soils selected to be studied for headcut erosion rates 
Soil Soil Name City 
#a 
4 Amarillo Big Springs 
5 Woodward Buffalo 
12 Palouse Pullman 
13 Zahl Bansvill 
14 Pierre Cottonwood 
17 Sverdrup Elbow Lake 
18 Bams Morris 
ate Order 
TX Thermic Aridic Paleustalf 
OK Thermic Typic Ustochrept 
WA Mesic Placic Ultic Haploxeroll 
MT Mixed Eutic Haploboroll 
SD Mesic Typic Torvert 
MN Mixed Udic Haplaboroll 
MN Mixed Udic Haplaboroll 
® WEPP designation. 
Table 3. Texture classification of soils used in headcut study 
Soil Name Texture of A Horizon in Percent USDA 
Sand Silt Clay Classification 
Amarillo 84.4 9.8 5.8 Loamy Sand 
Woodward 47.8 39.9 12.3 Loam 
Palouse 9.8 70.1 20.1 Silt Loam 
Zahl 46.3 29.7 24.0 Loam 
Pierre 22.4 33.4 44.2 Clay 
Sverdrup 76.0 15.3 8.7 Sandy Loam 
Bams 48.6 34.4 17.0 Loam 
Site Preparation 
Sites were prepared by local organizers who chose the sites according 
to soil surveys. Soil samples were taken at each site by Soil Conservation 
Service personnel for pedon description and chemical, physical, and 
engineering properties. Sites were deep tilled and kept in a fallow condition 
for about six months prior to the investigation. 
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The general plan for the study was to collect erosion data on the 
cropland sites. Because row-crops are commonly grown in these regions 
and tend to have higher erosion rates than sites under other farming 
practices, the study was specifically designed to simulate row-crop 
conditions. The experimental design was to include six replications of rill 
and intenill plots with two replicated infiltrations plots. In filtration and 
interrill plots are mentioned and shown for completeness in illustrations 
and in the general descriptions. The soil was subjected to simulated 
rainfall, and then erosion data were collected. Additional fiows were added 
to the upper end of the rill furrows to simulate runoff from additional 
up-slope areas. To meet the objectives of relating soil erosion to soil 
properties, various soil strength and soil property data were collected. 
After arriving on a particular research site, furrows were formed 
with cultivator shovels mounted on a tool bar on a small tractor. Furrows 
were generally formed to run up and down the slope. On steep land, rills 
were formed at an angle to the slope to reduce the slope steepness. Slopes of 
the soils varied from 3% to 7%. Furrows were formed in pairs with a 0.5 m 
spacing between individual furrow bottoms which left the rill widths of 
about 0.48 m in a freshly tilled condition similar to a seed bed situation in 
cropland regions. Seven pairs of rills were formed on each soil. Soil 
samples were collected on the center pair of rills and on the outside pairs 
(Figure 7). Figure 8 is a photograph of a typical plot arrangement at one 
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Figure 7. Typical arrangement of plots for headcut and WEPP 
investigations 
Figure 8. Plan view of plots during rainfall simulation 
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site. Both surface and subsoil samples were taken and shipped to the 
National Soil Erosion Laboratory in West Lafayette, IN for any future 
laboratory investigations. A total of about 0.5 tons of soil was collected from 
each site. 
Rill plots were 9 m long with the boundaries defined by driving metal 
borders into the soil at the top end of the plot and metal collectors at the 
bottom. Plastic funnels attached to polyvinyl chloride (pvc) plastic pipe 
collected the runoff from each rill and directed it into collection pits (Figure 
9). Flow addition hoses were placed at the upper end of the furrows with 
burlap covering the hose (Figure 10) end to dissipate any energy the water 
might have leaving the hose. Each hose was coimected to the main 
manifold. The desired flow rate was obtained by setting the manifold 
pressure in conjunction with orifices in line with the hoses. 
Interrill plots were installed on the outside of the rill plots as shown 
in Figure 7. These plots were 0.75 m long and 0.5 m wide and defined by 
metal borders as described by Brenneman (1988). A V-shaped collecting 
trough was installed down the center of each interrill plot to collect rimoff. 
Interrill side slopes matched the side slopes on the rill furrows. Four 
additional infiltration plots were defined with metal borders to be the same 
size as the interrill plots (again see Figure 7). Infiltration plots were 
smooth to match the land slope and a V-shaped collector was placed on the 
down slope side of the plot to collect runofif water. Two of the infiltration 
Figure 9. Rill plots with collection tubes installed prior to simulation 
Figure 10. Flow addition hoses in rill 
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plots were covered with a layer of furnace filter or burlap to protect them 
from rainfall energy. Rain gages with approximately 600 mm^ openings 
were installed in front of every interrill and infiltration plot for the first six 
sites. During the initial experiments, large differences in rain gage 
readings were noticed from two different brands, prompting installation of 
plastic catch cans with approximately 6200 mm^ openings. 
Trenches were dug from the rill pits and from the interrill plots to 
carry away excess runoff. Levees and trenches were placed where 
necessary to insure that no additional water entered into any of these plots 
from outside areas. 
To determine the specific geometry of the research plot areas, stereo 
photographs were taken from a height of 16 m as discussed below. This was 
essential to record the position of headcuts in the rill plots. Aerial photos 
also provided a permanent record of the plots during the course of this 
experiment. Elevation and position data from aerial photographs^Z were 
very precise and were used to make the detailed measurements needed in 
this investigation. 
In the comers of the plot, area target stakes were driven 
approximately 400 mm into the ground (to assure that they would not settle 
or move during the experiment) to establish reference elevations. Targets 
were leveled with a 0.1m hand level to assure proper reference elevation 
readings. Prisms were installed on the targets and a survey of their 
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elevations was conducted with a modem theodolite. After the survey was 
completed the prisms were removed, leaving the targets readily visible from 
the air as reference points for each photograph. 
A special bucket, built to hold camera equipment (two 70 mm format 
cameras) and a photographer, was mounted onto a boom on a truck to 
suspend 16 m above the plot site (Figure 11). The cameras were mounted 9 
m apart on short booms from the bucket and could be remotely operated 
from the bucket. Figure 12 shows a typical stereo pair of photographs taken 
from the bucket. Photographs were taken in stereo pairs so that x, y, and z 
elevations on the plots could be calculated. The root mean square error of a 
calculated elevation is about 3 mm (Laflen et al., 1987). 
Data Collection Procedure 
Prior to the start of rainfall simulation, air photos were taken of the 
plot setup to provide data on the initial geometry of all plots. A video cassette 
recorder (VCR) camera was mounted to the center of the bucket above the 
plots to continuously record the experiment. Simulated rainfall was applied 
using a rotating boom rainfall simulator (Swanson, 1965) with a wetted 
diameter of 15 m. The simulator was fitted with Veejet 80100 nozzles which 
produce a rainfall energy approximately 80% that of natural rainfall (Meyer 
and Harmon, 1979). The rainfall intensity was about 62 mm/h. 
Figure 11. Special bucket with cameras poised for collecting geometric data 
Figure 12. l^rpical stereo pair of photographs taken at a research site 
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Soil bulk density samples were collected in each rill before and after 
rainfall simulation. Two soil samples were collected at depths of 0 - 5 mm 
and 5-20 mm. Bulk density measurements were made using a water 
displacement technique (Grossman, 1987) with bulk density equipment 
(Figure 13). 
The field experiment was designed to have three distinct periods of 
data collection: rain-only, rain-plus-flow, flow-only. During the rain-only 
period of the experiment, measurements were made of the rising limb of the 
runoff hydrograph. Once the runoff rates leveled off, the simulator was 
shut off and in situ soil strength measurements were made. The rainfall 
simulation was resumed, and once the runoff rates equaled the prior level 
at the end of the rain-only period, additional flow was added to the upper 
end of the rill, simulating additional runoff from an up-slope area. At the 
end of this segment of the experiment, headcut soil strength measurements 
were again made. Following these measurements, the flow additions were 
repeated without rainfall simulation. A typical runoff plot is illustrated in 
Figure 14 to visualize the experimental procedure. 
Runoff samples were taken every 5 min during the rising limb of the 
hydrograph from all plots. Rill runoff samples were collected using twelve 
liter plastic buckets. Samples were collected for a measured length of time 
between 10 and 60 sec. Buckets were then weighed to obtain a gross water 
and sediment weight. Sediment concentration samples were collected 
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Figure 13. Equipment used to make soil bulk density measurements 
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Figure 14. Illustration of typical hydrologie responses to rainfall and flow 
additions during soil erosion measurements on experimental 
plots 
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with one liter plastic jars. These jars were later weighed, dried, and 
reweighed to determine sediment concentrations in the runoff water. Gross 
bucket weights were recorded to the nearest 0.005 kg and sediment jars to 
the nearest 0.01 g. 
During the rain-plus-flow period, additional flow rates of 0, 8, 16, 24, 
32, and 40 IVmin, in that order, were added to the upper end of the furrows. 
At each flow rate, two actual flow rate measurements and two sediment 
concentration samples were taken from each rill. When rill headcuts were 
observed, wooden stakes were placed adjacent to the headcut location on 
rills 2,3, and 6; the aerial photos recorded stake positions. After the end of 
the last flow addition (40 L/min), the stakes were moved to the final headcut 
positions and a stereo pair of photographs were taken. 
At each flow rate, surface water velocity data were collected for each 
rill. The leading-edge velocity was measured by injecting a florescent dye 
into the flowing water and measuring the time required to travel the last 6 
m of the rill. 
For the final flow-only period, all previous measurements were 
repeated without rainfall. Headcut position stakes were again moved to 
correspond the new headcut locations at the end of each flow. Following the 
flow-only period, soil strength measurements and detailed headcut 
observations were made. 
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Detailed headcut data were collected after the rain-plus-flow and flow-
only periods of the experiment. Figure 15 shows a typical headcut for which 
data were collected. Geometric measurements made included headcut 
height, width, and face slope. Soil strength data were collected with a Soil 
Test pocket penetrometer and a Soil Test torvane shear device on soil above 
the headcut, below the headcut, and on the headcut face. Figure 16 shows 
the pocket penetrometer being used at the bottom of a headcut. Quantitative 
values were recorded along with any visual observations. 
Headcut Analysis Procedure 
A procedure was developed to evaluate the amount of soil removed 
from a rill due to headcut erosion. This procedure was independent of the 
total erosion calculated from measured flow and sediment concentrations. 
The method used to calculate headcut erosion was to determine the volume 
voided and to multiply this by the soil bulk density. Therefore, this 
procedure required determining the height, width, and movement (or 
length) of the headcut, along with the bulk density of the soil voided. 
Figure 15. Typical rill headcut after water ceased flowing 
Figure 16. Measuring soil strength below a headcut using a pocket 
penetrometer 
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The soil removed during a flow event was calculated using the 
following equation: 
n 
Mh = BdS®iwL) 
i-1 (67) 
Where: Mh = mass of soil from headcut erosion, g 
B<i = soil bulk density, g/cm3 
n = number of headcuts in rill 
Hi = height of a headcut, cm 
w = rill width, cm 
L = headcut movement during flow, cm 
The total mass of soil removed from a rill due to headcut erosion at a given 
flow rate was determined by summing the total volume voided from each 
individual headcut in that rill and multiplying by the average bulk density. 
Headcut heights were determined from the photogrammetric data. 
Headcut locations were determined by the location of the wooden stakes on 
the photographs. These positions were superimposed on the graph of 
elevation along the center line of the plot determined photogrammetricly. 
The headcut height was then analyzed from these graphs. Headcut heights 
could only be determined when there was no water in the rills; therefore, 
pictures were taken before rain plus flow, after rain plus flow and after flow-
only so that each measurement event was bounded with pictorial records. 
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Headcut heights for flow rates immediately before or after a dry period were 
assumed to be equal to the height under the drained conditions. For flow 
rates of rain+16, rain+24, rain+32, 16, 24 and 32 L/min, heights were 
determined by proportioning the difference between the before and after 
pictures with the water discharge. Headcut heights were also measured 
during the dry periods with a standard measuring tape to compare with the 
photogrammetrically determined heights. 
Rill widths were determined from the aerial photographs. Three 
widths were measured on each rill and the mean used to calculate the 
volume voided. The widths measured at each flow were used because they 
reflected the conditions at the time when the erosion was taking place. 
Width measurements made with the tape measure during the periods after 
rain plus flow and after flow-only were not used because they often included 
additional width caused by the side sloughing that accompanies headcuts. 
Headcut length was the headcut movement or displacement in the 
horizontal direction as measured between two consecutive aerial 
photographs. Each headcut location was measured on the photographs 
using an engineer's scale. Measurements from successive photographs 
provided the necessary information to evaluate headcut movement. 
Headcuts were assumed to only move upstream, thus requiring that small 
displacements downstream or in the negative direction were adjusted to 
zero. These small errors could be caused by discrepancies in marking the 
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headcuts, by discrepancies when they were viewed under a stereoscope, or 
by incorrectly estimating the decimal reading from the scale. Very few 
headcut displacements had to be adjusted due to these discrepancies. 
Bulk density measurements used for calculating headcut erosion 
were measured after the soil had been consolidated by the rainfall, collected 
at the end of the flow-only period. This bulk density value most accurately 
reflects soil density at the time when rill headcutting was taking place. 
Some soils showed considerable settlement during rainfall simulation 
similar to that in discussions on collapsible losses (Handy, 1973), which 
consolidated when they become saturated. Bulk density samples were 
collected at depths of 0 - 5 mm and 5-20 mm. Bulk density values were 
calculated by summing the two masses and volumes obtained at each depth 
and arriving at a mean rill value. The soil mean bulk density was 
calculated from the six rill means. Bulk density values obtained were 
typical for agricultural soils. 
Water discharge values for a given flow rate were determined from 
the gravimetric flow measurements made during the period. Duration of 
flow was determined from evaluating the video record of events from the 
VCR. These durations were also compared with notes taken on the day of 
the erosion event. 
Total rill erosion rates were analyzed as part of the WEPP 
investigation and are reported by Elliot (1988). Rill shapes were determined 
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using the aerial photographs and from rill meter data, and have been 
reported by Kohl et al. (1988). Hydraulic radii values were determined from 
both methods to be used in the shear model. The shear model is currently 
being used in the WEPP program and was discussed in Chapter II. 
Some soil property information, such as mechanical soil particle size 
distribution, internal shear angle, and permeability, as well as other 
characteristics discussed in the results chapter, was obtained by the Soil 
Conservation Service national soil laboratory at Lincoln, NE. All tests were 
run on disturbed soil samples from the surface horizon site locations where 
the erosion experiments were conducted. 
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CHAPTER V. RESULTS AND DISCUSSION 
In this chapter, data on erosion from rill headcutting obtained in this 
study are presented and compared with erosion predicted from the 
mathematical models discussed in Chapter III. The two models with the 
highest correlation values were then investigated further. Erosion 
coefficients for these two models were correlated to soil properties to 
determine an accurate way of predicting headcut erosion in the field. Soil 
differences are also discussed as to their influence on headcut erosion. 
Models Tested 
From the theory presented in Chapter III, Model 1 was based on 
discharge, and related the headcut detachment rate to the discharge rate, 
multiplied by a soil erodibility parameter. The next two models were 
derived from energy principles. Model 2 relates the headcut erosion rate to 
the energy dissipation rate of water flowing over the total headcut height in 
a rill. This equation takes into account the total energy dissipated at all the 
headcut locations. The second energy model, Model 3, is similar to Model 2 
in that it is an energy dissipation model. Model 3 replaces the total sum of 
the headcut elevation drops with the mean elevation drop of headcuts which 
are actively eroding. 
74 
Models 4 and 5 are derived from the momentum equation which is a 
force based equation. Model 4 equates soil erosion to the force encountered 
at the base of the plunge pool on a headcut. Model 5 is similar to Model 4, 
but it uses the mean horizontal water velocity instead of the velocity in the 
vertical direction. This would correspond to the force experienced at the 
face of the headcut. 
The headcut soil erosion data were analyzed statistically using a 
general linear model (SÂS Institute Inc., 1982, pp 139-200). Because the 
experimental design consisted of repeating flow rates on the same rills, the 
data had to be analyzed as a repeated measure experiment. Table 4 
presents the analysis of variance for the soil and rainfall conditions 
experienced. 
Table 4. Analysis of variance of headcut detachment, using Type 1 sums 
Model Evaluation 
of squares 
Source DF F Value PR>F 
Soil 
Rill(soil) 
Rain 
8oil*Rain 
Rain*Rill(Soil) 
6 
14 
1 
6 
14 
2.85 
4,54 
6.6 
0.1133 
0.0093 ** 
0.0018 ** 
** Significant at 0.01. 
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The rill within soil term is used as the error term for testing 
differences between soils, and the rain by rill within soil term is used as the 
error term for testing the significance of the rain and soil by rain 
interaction. The soil source of variation is significant at the 0.01 level, 
meaning that different soils had different erosion rates. The rain factor 
was not significant, meaning that headcut erosion was not significantly 
different when it was raining compared to when it was not raining. In 
contrast, Elliot (1988) found that total rill erosion was significantly different 
between rain and no rain periods, and that the total erosion rate was lower 
without rainfall. The highly significant soil by rain interaction indicates 
that the rates of the erosion were different for some soils when it is raining 
compared to when it was not. 
Mean erosion rates are presented in Table 5 for both the with-rain 
Table 5. Average headcut erosion rates for rain-plus-fiow and fiow-only 
periods, in g/m sec 
Soil No. Rain-plus-flow Flow-only 
4 
5 
12 
1.60 
3.68 
1.74 
0.52 
1.83 
1.10 
13 
14 
17 
18 
2.04 
0.96 
1.02 
1.05 
2.52 
1.15 
1.13 
1.60 
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period and the flow-only periods. Raw headcut erosion data can be found in 
Appendix A. Soils 4, 5, and 12 had higher erosion rates during the rain 
period, while soils 13 through 18 experienced greater erosion during the 
flow-only period. Soils 4, 5, and 12 were similar in that they all displayed 
apparent cohesion during the flow-only segments of the experiments. 
When the negative pore pressure increased as a result of reduced 
infiltration, the soil's strength also increased. Soil 5, Woodward loam, had 
very high total erosion rates during the rain periods, and it was likely the 
soil eroded to a less erodible layer. Higher headcut erosion rates during the 
flow-only period on soils 13 through 18 may reflect that once headcuts form 
in the rill, their erosive potential increases. 
The five models were evaluated using analysis of variance statistics. 
Because the models are not independent of each other, separate analyses 
were performed. The model and interaction results are summarized in 
Table 6. To determine which model is superior statistically, one compares 
the error sums of squares (Hinz, 1988). The model with the lowest error 
sums of squares is considered superior. Table 6 shows that all models are 
highly significant at the 0.01 level, however Model 2 has the lowest error 
sums of squares. Model 4 also has a error sums of squares value close to 
Model 2 and will also be considered further. The model based on discharge, 
Model 1, had the highest error sums of squares which indicates that it does 
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Model 1, had the highest error sums of squares which indicates that it does 
not account for as much of the variation as the other models. This could be 
Table 6. Analysis of variance results for headcut erosion models 
Source DF F Value PR > F Êiror SS 
Model 1, Discharge 1 287.05 0.0001 11951.68 
M5*Soil 6 12.34 0.0001 
M5*Rain 1 14.85 0.0001 
M5*Soil*Rain 6 3.97 0.0001 
Model 2, Total Energy 1 532.57 0.0001 8652.73 
Ml*8oil 6 7.78 0.0001 
Ml*Rain 1 17.57 0.0001 
Ml*Soil*Rain 6 2.86 0.0113 
Model 3, Average Energy 1 374.20 0.0001 100034.87 
M2*Soil 6 12.37 0.0001 
M2*Rain 1 24.36 0.0001 
M2*Soil*Rain 6 5.72 0.0001 
Model 4, Force Y 1 537.37 0.0001 8666.35 
M3*SoiI 6 6.69 0.0001 
M3*Rain 1 14.73 0.0002 
M3*Soil*Rain 6 3.42 0.0033 
Model 5, Force X 1 293.71 0.0001 11225.17 
M4*Soil 6 15.25 0.0001 
M4*Rain 1 18.41 0.0001 
M4*Soil*Rain 6 5.42 0.0001 
expected because all other models include another term relating headcut 
erosion to a particular flow condition. Model 5 does not address the forces at 
the bottom of the plunge pool, the source of headcut erosion, which may 
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explain its higher error sums of squares. Model 3 is also deficient since it 
does not contain information about the number of headcuts present which is 
used in Model 2. The F value for Model 4 is greater than Model 2, indicating 
that predictions from this model are better correlated to the data. However, 
the interactions have lower P values, giving an overall higher error sums of 
squares. 
Models 2 and 4 were further individually evaluated on the seven soils 
relative to the soil constants and correlation coefficients. Results of 
correlation analysis of Model 2 are presented in Table 7. For all soils except 
Soil 17, the coefficient of determination r^ is higher for the rain data. For 
Soil 17, the coefficient of determination is virtually the same for both with-
rain and without-rain conditions. The highest r2 was 0.96 for Soil 5 during 
the with-rain period. This soil also experienced the highest erosion rates, 
possibly contributing to the high correlation. Soil 14, Pierre clay, had the 
lowest r^, probably due to the large headcuts which were incised during the 
with-rain portion of the experiment. Once the headcuts were established, 
they continued to move upstream (i.e. a high erosion rate), even at low flow 
rates. In addition to high erosion rates at low flow rates, the surface 
tension of the water would cause the water to flow down the headcut face 
and erode it. At higher flow rates, the surface tension force was overcome 
by the horizontal momentum of the water, and the water plunged 
downward away from the face. 
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None of the intercepts were determined to be significantly different 
from zero, using "students' t" statistics. When negative intercepts 
Table 7. Coefficients for headcut erosion for Model 2 based on total energy 
dissipation 
Soil Rain condition Linear Repression Coefficients r^ 
Litercept Kh2 
4 with -0.10 42.70 .87 
4 without -0.01 29.23 .69 
6 with 0.43 36.15 .96 
5 without 0.09 16.50 .75 
12 with 0.01 22.23 .81 
12 without 0.20 9.62 .67 
13 with -0.16 29.50 .78 
13 without 0.01 27.72 .58 
14 with 0.02 15.00 .80 
14 without 0.38 13.48 .31 
17 with 0.10 25.35 .69 
17 without -0.34 45.74 .70 
18 with -0.22 19.86 .75 
18 without 0.14 21.41 .52 
occurred, that indicated that a threshold energy dissipation rate had to be 
overcome before headcut erosion began. All of the erosion rate coefficients 
were highly significantly different from zero, except for Soil 14 during flow-
only, when the rate coefficient was significantly different from zero at the 
0.05 level. A graph of the headcut erosion rates is presented in Figure 17. 
The highest rate was determined for Soil 17, a sandy loam, under a without 
rain condition. This was followed by Soil 4, another sandy soil. Sandy soils 
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Figure 17. Headcut erosion rates using energy dissipation model for 
rain-plus-flow conditions 
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have low apparent cohesion strengths because of the large pores, and less 
surface for interactions, this may account for the high erosion rates on 
these soils. The lowest erosion rate occurred for Soil 12, a silt loam, during 
the flow-only period. Silt soils have the greatest apparent cohesion and 
seemed to "set up" when the rain was turned off. 
Table 8 presents the linear regression coefficients for Model 4. 
Table 8. Coefficients for headcut erosion for Model 4, based on vertical 
forces 
Soil Rain condition Linear Regression Coefficients r^ 
Intercept Kh4 
4 with -0.16 24.99 .79 
4 without -0.18 18.67 .70 
5 with -0.79 52.92 .95 
5 without -0.30 23.00 .75 
12 with -0.27 26.05 .80 ]2 without -0.03 13.51 .70 
13 with -0.72 37.37 .83 
13 without -0.72 39.00 .71 
14 with -0.29 18.95 .82 
14 without 0.33 13.52 .26 
17 with -0.45 23.54 .65 
17 without -0.53 36.77 .63 
18 with -0.41 22.29 .70 
18 without 0.13 21.29 .35 
Results for Model 4 are similar to those for Model 2, with the highest and 
lowest r^ value occurring at the same points in the data set. Soil 5 had high 
headcut erosion rate which influences the r^ with several points. 
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Correlation coefficients were all higher during the with-rain period of the 
experiment. Once again the intercepts of the regression lines are not 
significantly different from zero although more of them are negative. 
Erosion rate coefficients were all significantly different from zero at the 0.01 
level, with the exceptions for Soils 14 and 18 during flow-only which were 
significantly different at the 0.05 level. A graphical presentation of the 
rain+flow condition is presented in Figure 18. The lowest erosion rates 
were found for the silt and clay soils during flow-only, suggesting that the 
apparent cohesion had helped to armor the soil to resist headcutting. 
To determine what soil properties influence rill headcutting, the 
erodibility constants (Kh), for each data set were correlated to various soil 
properties. Most of the soil property data were obtained by the SCS soil 
testing laboratory (Dunnigan 1988). Results for the correlation of Khi are 
presented in Table 9. A negative correlation coefficient indicates that as the 
soil property considered increased, the erodibility decreased, and, 
conversely, a positive correlation coefficient indicates that as the soil 
property increased, the erodibility increased. Correlation coefficients that 
are less than 0.75 have little meaning on this data set of only seven soils 
because their slopes are not significantly different from zero at the 0.05 level 
using a student's t statistic. 
The absolute values of the correlation coefficients were generally 
lower for the without-rain condition for the energy model. Coefficients of 
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Figure 18. Readout erosion rates using Model 4 based on vertical forces 
in plunge pool for rain-plus-flow conditions 
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Table 9. Correlation coefficients relating rill headcut erodibilities from 
Model 2 to soil properties 
Soil Property Correlation Coefficients 
With-Rain Without-Rain 
Sand content 0.66 0.82* 
Silt content -0.42 -0.76 * 
Clay content -0.72 •0.54 
Cation exchange capacity -0.75 * -0.42 
Organic carbon -0.95 ** -0.37 
Water content at 1/3 bar -0.85 * -0.60 
Wischmeyer's M 0.15 -0.66 
Bulk density 0.89 ** 0.61 
Specific Surface -0.75 * -0.58 
Shear angle 0 -0.79 * -0.63 
Torvane reading below headcut -0.86 • -0.06 
Torvane reading above headcut -0.88 ** -0.01 
Torvane reading on headcut face -0.87 * -0.09 
Average torvane reading -0.88 ** -0.01 
Pin-hole test -0.75* -0.76 * 
Unconfined compression -0.49 -0.71 
Load required for 1% consolidation 
Darcy's K 
-0.79 * -0.39 
0.58 0.40 
* Significant at 0.05. 
** Significant at 0.01. 
determination for the without-rain data were also lower for the energy 
model regression slopes, indicating that the model does not fit as well for 
the flow-only condition. 
For erodibility data obtained with flow-plus-rainfall, organic carbon 
gave the highest correlation with a coefficient of -0.95. This means that as 
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the organic carbon increased, the headcut erodibility decreased. Because 
organic matter acts as a binding agent in the soil, it follows that if more is 
present, erodibility should decrease. The bulk density had a high positive 
correlation coefficient of 0.89, indicating that the soils with high bulk 
densities had higher erodibilities. The sandy soils had the greater bulk 
densities compared to both the silt and clay soils and were more erodible. 
All torvane shear readings were negatively correlated with headcut 
erodibilities, indicating that soils with higher soil shear strengths 
had lower erosion rates. The different torvane readings tend to be different 
within a soil but appear to be consistent with the soil energy model. Soil 
shear angle is an important property and was negatively correlated to 
erodibility, which was expected. Soils with a low shear angle would be 
expected to fail with less erosion at the bottom of their plunge pools, causing 
the rill erosion rate to increase. 
For the without-rain condition sand content had the highest 
correlation with a value of 0.82, indicating that soils with higher sand 
contents were prone to have higher headcut erosion rates when it was not 
raining. Because silt content was also important with a negative 
correlation, this suggests that apparent cohesion is becoming more 
important during the flow-only condition. Apparent cohesion is the force 
produced by the negative water pore pressure which makes sand appear to 
behave like a cohesive soil. Wischmeyer's M factor is the sum of the 
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fraction of very fine sand and the silt fraction. In this case the apparent 
cohesion value of sand was low and correlation with Wischmeyer's M was 
lower than with silt content. Apparent cohesion may also be used to explain 
why the organic carbon content was not important when it was not raining. 
The pin-hole test was performed on a disturbed core of soil that had a hole 
placed in the center. Water was discharged through the hole until soil 
began to erode, at this point the critical discharge was measured and a 
critical velocity determined. Under both with-rain and without-rain, the 
pill-hole test gave good correlations with erodibilities. In the field, the pin­
hole test would possibly represent the erosion that would occur on the face of 
the headcut. Torvane shear readings were not correlated to erodibilities for 
the flow-only part of the experiment. One possible explanation for this 
would be that once the headcuts were formed, they seem to continue to erode 
despite lower discharges and hence lower energies. 
CoefEtcients for the correlation of erodibilities with various soil 
properties are presented in Table 10. coefiicients for Model 4 were 
based on vertical forces in the plunge pool. Correlation coefficients were 
very different for the with-rain and without-rain conditions for the 
erodibilities obtained with this model. Generally the correlations for the 
with-rain condition were poor which is opposite of the energy model. The 
author expected that both models would have similar correlations. 
Wischmeyer's M factor had the highest correlation with a value of only 0.56, 
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Table 10. Correlation coefficients relating rill headcut erodibilities from 
Model 4 to soil properties 
Soil Property Correlation Coefficients 
With-Rain Without-Rain 
Sand content 0.02 0.68 
Silt content -0.14 -0.63 
Clay content -0.27 -0.45 
Cation exchange capacity -0.22 -0.45 
Organic carbon -0.34 -0.75 * 
Water content at 1/3 bar -0.28 -0.69 
Wischmeyer's M 0.56 -0.30 
Bulk density 0.25 0.75* 
Specific Surface -0.43 -0.47 
Shear angle 0 -0.07 -0.89 ** 
Torvane reading below headcut -0.38 -0.66 
Torvane reading above headcut -0.36 -0.63 
Torvane reading on headcut face -0.33 -0.64 
Average torvane reading -0.36 -0.65 
Pin-hole test -0.07 -0.86 * 
Unconfined compression 0.01 -0.48 
Load required for 1% consolidation 
Darcy's K-0.29 
-0.45 -0.58 
0.78* 
* Significant at 0.05. 
** Significant at 0.01. 
meaning that more silt and very fine sand caused the soil to have greater 
erosion rates. The negative correlation of erodibilities with the torvane 
shear readings was expected, although higher correlation coefficients were 
expected. The effect of apparent cohesion on the torvane shear readings 
was expected, although again higher correlation coefficients were expected. 
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The effect of apparent cohesion was very evident in the data given in Tables 
9 and 10. Note that the correlation was positive during the without-rain 
condition, while it was negative during the rain condition. This means 
that silt and very fine sand have higher erosion rates during rainfall when 
the soil is near saturation. During the flow-only condition, water is only 
infiltrating in the bottom of the rill which is often sealed with a shallow 
armor layer. When the soil is allowed to drain, the moisture tension adds 
apparent cohesion to the soil, giving it additional strength. This apparent 
cohesion may be confounding the force model. 
The absolute values of correlation coefficients for the without-rain 
condition in Table 10 were generally considerably higher than for the with-
rain condition. Shear angle had the highest absolute value correlation 
coefficient with a value of -0.89. Soils with lower shear angles will tend to 
fail at lower headcut heights, allowing the headcut to move up-stream. 
There was a good correlation between the pin-hole test and the erodibility for 
the flow-only experiment, with a negative correlation as expected. During 
the flow-only experiment, flow rates were lower, allowing the water to flow 
down the face of the headcuts, producing additional erosion on the face. 
Darcy's K was positively correlated to erodibilities during the without-rain 
condition; but, was negatively correlated during the with-rain condition 
although it was not significant. This indicates that soils which have high 
infiltration rates will have higher headcut erodibilities when the soil has 
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less apparent cohesion holding it together. However, when it is raining, the 
higher infiltration values may prevent the soil from holding a high headcut 
height. The torvane shear readings had correlations that ranged from -0.63 
to -0.66 with the largest absolute value coming from the bottom reading. 
The bottom of the headcut is where the force calculated in Model 4 is 
exerted, and thus readings from the bottom would be expected to give the 
best results. Overall, the correlation coefficients were higher for without-
rain conditions for this model and may reflect the soil's ability to hold a 
given height because the model uses only the average height. 
All of the soil property data used in this analysis, obtained from the 
ses laboratory in Lincoln, Nebraska, can be found in Appendix A. Torvane 
shear readings made on the headcuts are presented in Table 11. 
Table 11. Torvane shear readings above, below, and on the headcut face 
Soil Above Below On Face Soil Mean 
4 0.54 0.085 0.075 0.24 
5 1.2 0.53 0.55 0.75 
12 2.0 1.2 1.5 1.6 
13 2.6 1.4 1.7 1.9 
14 2.6 1.3 1.5 1.8 
17 2.3 1.5 1.4 1.7 
18 2.6 1.7 1.7 2.0 
Means 2.0 1.1 1.2 1.4 
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Torvane readings were taken with the 25.4 mm diameter foot and are an 
index to soil shear strength. All readings were taken after the soil was 
allowed to drain and may reflect apparent cohesion in addition to soil shear 
strength. Readings were taken just above and below each headcut. The 
face reading was taken by placing the vane in the headcut face and 
measuring the resistance to the shear force required to shear the soil. The 
lowest readings came from Soil 4, at Big Springs, Texas, which is sandy 
and prone to wind erosion. Field notes indicate that for this soil the torvane 
shear foot was not cutting into the soil properly due to the apparent cohesion 
of the soil; this may account for the lower readings. This soil also had a low 
organic carbon content with little to bind the soil together. Headcut heights 
were also the lowest at this location, indicating that the resistance to shear 
was low. The largest means for torvane shear occurred on the two glacial 
till soils, 13 and 18. These higher readings reflect the higher overall 
strength of the soils, possibly due to the over consolidated state they are in 
because of their past history. 
Torvane readings taken above the headcuts are greater than either 
the bottom or face readings. This may indicate that an armor of some kind 
has developed on the soil surface. Brown et al. (1988) believed that soil 
surface strength would increase when the small pores were plunged with 
fine soil particles. The torvane readings would support this conclusion. 
The lowest readings were taken below the headcuts. In this area, loose 
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sediment was often deposited, leaving a relatively shear-resistance-free 
area. Face readings were also lower than the above readings, but about the 
same as the below readings. The torvane shear devise provided a soil 
strength index which correlated to erodibilities obtained from both models. 
Application of Rill Headcut Model to Field Situations 
In field situations, the best way to control headcut erosion is to 
prevent its initiation. The variable in both models that would predict a 
reduction in erosion would be a reduction in runoff. If the soil is left in a 
condition that will allow the water to be stored on the surface, runoff will be 
reduced. Also, modifying the soil to increase its infiltration would allow 
more rain to enter the soil instead running off, reducing headcut erosion. 
Increasing the water that infiltrates the soil would also increase crop 
growth in a dry year, enhancing root growth which might help protect the 
soil against headcut erosion. 
Improved soil strength would also reduce the amount of headcut 
erosion. No-till and conservation tillage systems protect the soil surface 
with plant residues and increase surface storage of water, reducing the 
number of storms that would cause headcut erosion. From this 
investigation it is not apparent whether soil armoring with formation of a 
seal is beneficial or not. Infiltration is decreased, but soil strength should 
be increased. 
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Because some soils headcut much more than others, particular 
attention should be placed on soils which have soil properties which make 
them prone to headcutting. Additional care must be exercised to prevent 
the growth of classical gullies in these areas. Theory derived from the 
momentum equation demonstrates the increase in the forces at the base of a 
headcut as the height increases. Erosion control programs should be 
developed to prevent exploitation of land prone to headcutting by requiring 
proper management to protect the soil against headcut erosion. 
Additional research is needed to incorporate the information 
gathered by this investigation on headcut erosion into total erosion models. 
More accurate prediction methods might be developed by adding a term 
defining the headcut erosion component. Information about the importance 
of apparent cohesion during the erosion process is very limited and appears 
to be important in the headcutting process. 
Summary 
Five headcut erosion models were evaluated using statistical 
methods. The total energy and vertical force models were found to account 
for the most variation in the headcut erosion rate data and were chosen for 
further consideration. Regressions were run on seven individual soils to 
develop soil erodibility constants relating headcut erosion to energy and 
force factors for the two models. These regression constants were then 
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correlated to various soil properties. The total energy model erodibility 
constants were better correlated using the with-rain data while the vertical 
force model erodibilities were better correlated using the without-rain data. 
Soil strength readings taken using a torvane shear device, indicate 
that the soil is stronger above a headcut than below it or on its face, 
suggesting that the soil surface in a rill may armor. Different soils have 
different soil shear strengths which were correlated to headcut erodibilities. 
Soils that have been exposed to large loads in the past had the highest 
strengths. The torvane shear index provided important information useful 
in predicting headcut erosion. 
To reduce the damage caused by headcut erosion, practices should be 
implemented that reduce runoff rates and increase soil strength. Future 
investigations should try to focus on the changes that occur with the soil 
moisture tension providing the soil with apparent cohesion strength. 
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CHAPTER VI. SUMMARY AND CONCLUSIONS 
Summary 
Rill erosion is an important contributor to soil loss from agricultural 
fields. The review of literature that was conducted indicated that rill 
headcutting is a significant contributor to rill erosion. Previous studies 
provided information on several predictive models for headcut erosion that 
have been proposed but not validated. The review of literature set the 
framework to pursue basic relationships between erosion and soil 
parameters that influence soil detachment. 
To meet the objective of expressing the rill headcutting process with a 
mathematical model derived from basic soil and fluid dynamic principles, 
theory was developed from these basic principles. Two models were 
reviewed, a discharge model and an energy model. The discharge model 
was a simple model that related headcut erosion to water discharge. The 
energy model related headcut erosion to the energy dissipated over a length 
of rill. 
Basic fluid dynamic principles were used to derive the momentum 
equation for application in headcut erosion. Equations for expressing the 
fluid forces exerted on the soil at a headcut location were derived for both the 
vertical and horizontal directions. The vertical forces predicted in the 
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plunge pool of a typical headcut are an order of magnitude greater than the 
horizontal forces. 
Theory on soil mechanics was used to derive an equation to explain 
important soil variables that influence rill headcutting. The pertinent soil 
variables include soil friction angle, cohesion, bulk density, and apparent 
cohesion. The important fluid variable is the water discharge and velocity 
which will determine the forces in the plunge pool of the headcut and the 
back pressure below. The undercut situation was also discussed where 
again the importance of apparent cohesion in the headcutting process is 
evident. 
A field experiment was conducted to evaluate the process of rill 
erosion. Furrows were formed in deep tilled soils to simulate a row crop 
condition. Simulated rainfall was applied during the first rain-only period 
of the experiment. During the next two periods of rain-plus-flow and flow-
only, headcut positions were monitored with wooden stakes placed adjacent 
to headcuts. Aerial photographs of the plot area provided a means of 
measuring headcut progression during the experiment. Headcut heights 
were determined using photogrammetric techniques. During three periods 
when there was no flow in the rills, before and after the rain-plus-flow and 
flow-only periods, stereo pairs were used to determine headcut height. Rill 
widths and therefore voided volumes, were also evaluated from the aerial 
photographs. 
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The five headcut erosion models tested were based on various fluid 
dynamic principles that were thought to be important in rill headcutting. 
Data from seven soil sites were analyzed statistically to determine which 
models were superior. An analysis of variance test indicated that the model 
involving the total energy dissipated by headcuts and the vertical force 
model were superior to the other models tested. 
Further analyses were preformed to evaluate the specific soil 
erodibility coefficients for each soil data set. The total energy model gave 
slightly better coefficients of determination (r^ ) than the vertical force 
model in many cases. To determine the soil properties important in 
headcut erosion, correlations were performed using the model erodibility 
coefficients. Organic carbon had the highest correlation with soil erodibility 
for the total energy model, while soil friction angle had the highest 
correlation for the vertical force model. 
Discussion on how to apply the knowledge gained from this 
investigation to control headcut erosion centered around the basic fluid and 
soil mechanic principles. Practices that reduce the runoff volume and peak 
runoff rate will reduce headcut erosion. Management techniques that 
increase soil surface strength will likely reduce headcut erosion. No-till 
and other conservation tillage systems are practices which should be 
successful in reducing the damage due to rill headcutting. Another 
important application of this information is to add a rill headcut term to 
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important application of this information is to add a rill headcut term to 
erosion prediction for those soils which are prone to headcutting. 
Conclusions 
The conclusions of this investigation are: 
1. Photogrammetric methods can be used to evaluate rill headcutting in 
a field environment. 
2. The total energy model and the vertical force model were superior to 
the other models tested. 
3. Organic carbon had the highest correlation of -0.95 to the rill headcut 
erodibility determined using the total energy model. 
4. Soil friction angle had the highest correlation of -0.89 to rill headcut 
erodibility determined using the vertical force model. 
5. Apparent cohesion appears to be an important factor in the 
mechanics of rill headcutting. 
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APPENDIX A. HEADCUT EROSION, PLOW, HEADCUT HEIGHTS, AND 
AVERAGE VELOCITIES 
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Location:Big Springs, TX 
Soil: Amarillo 
Rill Plow Total Total Time Ave h Total h Mean 
Status Headcut Discharge Vel 
Erosion 
e lit min cm cm m/sec 
2 Rf2 0.00 41.11 3.80 0.00 0.00 0.21 
2 R+4 1324.61 43.78 3.70 0.91 1.81 0.28 
2 R+6 1588.56 69.19 6.40 0.89 2.68 0.33 
2 R+8 1243.08 160.45 4.60 0.96 3.84 0.37 
2 R+10 2014.03 243.75 2.40 0.94 4.70 0.42 
2 2 80.38 20.99 3.30 1.13 3.40 0.25 
2 4 68.45 78.87 5.40 0.69 0.69 0.29 
2 6 217.78 90.01 4.20 0.91 4.53 0.34 
2 8 101.08 106.24 3.90 0.97 3.89 0.37 
2 10 3022.00 129.28 3.20 1.10 4.40 0.40 
3 R+2 0.00 43.31 3.80 0.00 0.00 0.28 
3 R+4 854.20 44.84 3.70 1.53 3.06 0.29 
3 R+6 1082.31 74.63 6.40 1.11 5.55 0.31 
3 R+8 4761.05 180.16 4.60 1.45 5.79 0.35 
3 RflO 7632.73 272.81 2.40 1.56 7.80 0.39 
3 2 154.25 22.61 3.30 1.58 3.15 0.23 
3 4 207.35 80.95 5.40 1.44 2.88 0.31 
3 6 1369.87 90.45 4.20 1.76 5.29 0.33 
3 8 871.85 107.50 3.90 1.72 3.44 0.37 
3 10 1384.77 133.33 3.20 1.50 4.50 0.39 
6 R+2 0.00 31.48 3.80 0.00 0.00 0.24 
6 R+4 318.06 44.02 3.70 1.97 5.91 0.25 
6 Rf6 2026.01 63.99 6.40 1.66 8.30 0.28 
6 R+8 3964.03 155.04 4.60 1.46 7.32 0.35 
6 R+10 10994.83 235.56 2.40 1.40 8.40 0.36 
6 2 23.37 19.93 3.30 0.50 0.50 0.21 
6 4 962.56 77.19 5.40 1.40 4.20 0.27 
6 6 2394.66 84.61 4.20 1.31 3.93 0.31 
6 8 1253.50 111.29 3.90 1.92 3.84 0.31 
6 10 3205.80 130.43 3.20 1.88 9.40 0.36 
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LiOcatîon:Bufralo, OK 
Soil: Woodward 
Rill Plow Total Total Time Ave h Total h Mean 
Status Headcut Discharge Vel 
Erosion 
e lit min cm cm m/sec 
2 R+2 2957.28 56.43 5.00 3.17 9.50 0.38 
2 R44 3555.59 82.16 4.00 3.37 10.10 0.31 
2 9105.44 114.00 4.00 2.52 23.88 0.36 
2 Rf8 32221.41 215.13 6.00 3.70 40.70 0.40 
2 2 2296.98 23.18 4.00 4.40 35.20 0.21 
2 4 4044.82 62.24 4.00 3.20 22.43 0.28 
2 6 2554.71 96.64 4.00 4.20 33.64 0.33 
2 8 3074.57 90.24 3.00 3.03 24.22 0.34 
2 10 8461.73 125.19 3.00 4.04 36.40 0.37 
3 Itf2 765.90 54.83 5.00 1.63 4.90 0.36 
3 R44 2263.49 82.32 4.00 2.54 7.61 0.30 
3 Rf6 8636.92 114.08 4.00 2.41 12.71 0.33 
3 Rf8 24928.62 203.76 6.00 3.37 30.30 0.37 
3 2 897.89 23.54 4.00 2.47 7.40 0.22 
3 4 1021.62 63.10 4.00 2.73 16.37 0.30 
3 6 1067.68 91.24 4.00 3.40 17.02 0.31 
3 8 1388.66 86.09 3.00 3.53 21.20 0.37 
3 10 7011.96 115.94 3.00 5.03 40.20 0.43 
6 R+2 1749.38 52.95 5.00 2.20 4.40 0.31 
6 R+4 4935.49 77.78 4.00 1.18 7.08 0.29 
6 Rf6 8096.26 111.44 4.00 1.73 22.49 0.30 
6 R+8 24581.79 205.83 6.00 3.13 31.30 0.35 
6 2 1211.90 24.70 4.00 3.57 25.00 0.21 
6 4 1169.33 62.54 4.00 2.65 13.27 0.31 
6 6 3198.52 88.68 4.00 1.98 21.73 0.32 
6 8 5996.07 86.87 3.00 2.10 23.10 0.34 
6 10 5509.46 111.47 3.00 2.29 20.60 0.34 
Rill 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
107 
Location:Pullman, WÂ 
Soil: Palouse 
Mow Total Total Time Ave h Total h Mean 
Status Headcut Discharge Vel 
Erosion 
g Ut min cm cm m/sec 
RfO 423.07 33.18 8.40 2.83 11.30 0.19 
Rf2 1202.05 33.54 3.20 3.60 14.40 0.33 
Rf4 2375.06 56.46 3.30 3.95 15.78 0.32 
Rf6 1857.37 77.71 3.20 2.98 26.78 0.34 
Bf8 4563.79 97.43 3.00 3.23 29.08 0.33 
RrflO 7075.58 122.97 2.90 3.67 25.70 0.34 
2 957.28 38.71 6.30 3.50 21.00 0.19 
4 1861.75 48.59 3.30 3.74 29.92 0.25 
6 1901.04 65.11 3.30 3.73 29.80 0.27 
8 2031.23 76.17 2.80 4.31 30.15 0.27 
10 3476.43 127.00 3.50 4.49 35.90 0.31 
R+0 932.35 34.82 8.40 3.60 7.20 0.19 
R+2 1677.81 32.72 3.20 2.84 14.20 0.27 
Rf4 3927.95 54.88 3.30 3.20 19.21 0.32 
Bf6 2138.75 81.36 3.20 3.74 18.70 0.33 
R+8 6247.92 90.80 3.00 3.42 27.39 0.34 
Rf-lO 8876.99 114.09 2.90 4.98 24.90 0.36 
2 796.42 37.04 6.30 3.95 23.70 0.20 
4 1147.99 46.04 3.30 4.41 13.23 0.26 
6 1586.42 62.50 3.30 3.63 25.40 0.28 
8 1941.24 76.43 2.80 3.77 30.19 0.30 
10 5628.16 122.85 3.50 4.91 34.40 0.31 
R+O 1102.71 28.10 8.40 3.43 13.70 0.18 
Rf2 27.88 36.37 3.20 2.70 2.70 0.30 
Rf4 1008.44 57.57 3.30 2.72 8.16 0.34 
Rf6 2723.96 78.85 3.20 2.18 13.11 0.32 
R+8 1591.36 92.93 3.00 2.49 12.46 0.34 
Ri-10 5122.82 119.20 2.90 2.99 20.90 0.38 
2 797.24 45.30 6.30 4.03 16.10 0.19 
4 570.61 52.55 3.30 3.12 12.48 0.25 
6 3627.56 65.92 3.30 3.78 18.91 0.27 
8 456.61 81.96 2.80 2.72 8.17 0.30 
10 3664.34 132.35 3.50 2.98 17.90 0.32 
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Location:Bansvill, MT 
Soil: Zahl 
Flow Total Total Time Ave h Total h Mean 
Status Headcut Discharge Vel 
Erosion 
g lit min cm cm m/sec 
RfO 443.58 23.40 6.60 2.80 2.80 0.19 
Itf2 233.23 34.99 3.20 4.17 12.50 0.34 
Rf4 3072.04 56.93 3.10 5.63 16.88 0.40 
B+6 1968.44 85.21 3.60 4.09 16.37 0.36 
Rf8 5665.39 66.98 2.20 4.43 17.72 0.32 
RflO 8623.92 108.42 3.00 5.48 27.40 0.33 
2 1213.59 20.19 4.10 3.70 11.10 0.19 
4 1049.06 43.68 3.20 4.94 19.77 0.30 
6 704.55 55.15 2.80 3.89 23.35 0.28 
8 1992.49 77.47 2.90 4.28 17.11 0.30 
10 4373.59 78.47 2.10 2.38 9.50 0.35 
R+0 323.88 17.23 6.60 3.60 7.20 0.17 
R4-2 803.54 33.46 3.20 4.43 17.70 0.32 
ÏM 1086.81 52.72 3.10 4.01 12.02 0.32 
Rf6 524.14 82.28 3.60 2.80 5.60 0.33 
R(+8 6365.05 67.05 2.20 3.57 28.55 0.32 
RflO 7954.50 112.16 3.00 4.80 33.60 0.31 
2 2303.89 21.98 4.10 2.30 16.10 0.17 
4 3308.40 43.89 3.20 5.12 25.58 0.25 
6 3443.47 55.92 2.80 5.69 28.47 0.27 
8 4401.67 73.11 2.90 5.76 28.79 0.32 
10 7743.00 75.13 2.10 6.62 33.10 0.34 
R+0 192.82 18.68 6.60 3.45 13.80 0.18 
R+2 880.91 31.33 3.20 3.65 29.20 0.26 
R+4 2550.01 52.82 3.10 3.72 22.30 0.30 
R+6 2764.96 86.56 3.60 3.51 17.56 0.30 
R+8 3132.18 69.92 2.20 2.97 20.79 0.28 
RflO 9235.68 116.48 3.00 3.26 16.30 0.33 
2 1613.96 27.57 4.10 4.70 18.80 0.19 
4 2390.80 48.51 3.20 4.59 32.16 0.28 
6 6561.28 68.64 2.80 5.04 40.28 0.32 
8 4633.56 93.54 2.90 4.55 22.77 0.34 
10 7743.85 84.62 2.10 5.40 16.20 0.41 
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Location:Cottonwood, SD 
Soil: Pierre 
Flow Total Total Time Ave h Total h Mean 
Status Headcut Discharge Vel 
Erosion 
g lit min cm cm m/sec 
RfO 114.07 22.08 7.00 3.95 7.90 0.16 
Rf2 874.13 51.90 4.00 3.88 15.50 0.29 
Rf4 2299.30 62.78 3.40 4.65 13.94 0.25 
R+B 4260.61 88.22 3.90 3.89 19.46 0.33 
Rf8 4487.11 116.38 4.10 5.59 22.36 0.36 
RflO 5668.85 120.72 3.40 8.23 24.70 0.37 
2 1265.63 25.41 6.40 7.80 7.80 0.19 
4 2209.40 53.36 4.20 8.03 16.06 0.24 
6 2115.41 64.65 3.40 7.81 23.43 0.31 
8 1547.57 112.75 3.90 6.43 12.86 0.31 
10 2721.09 118.64 3.40 6.35 12.70 0.33 
R+0 60.39 24.96 7.00 3.00 3.00 0.15 
R+2 228.14 52.70 4.00 3.85 7.70 0.30 
R+4 333.35 61.64 3.40 5.52 5.52 0.33 
Rf6 2332.77 88.84 3.90 6.35 12.70 0.30 
R+8 3700.34 116.15 4.10 5.38 16.13 0.37 
RflO 4541.57 124.45 3.40 5.92 29.60 0.33 
2 2564.56 28.38 6.40 7.50 22.50 0.16 
4 2953.88 51.22 4.20 7.30 21.90 0.22 
6 1622.31 54.34 3.40 8.29 16.58 0.25 
8 8558.36 96.15 3.90 6.93 20.80 0.25 
10 685.15 107.85 3.40 2.40 2.40 0.28 
R+2 319.03 50.10 4.00 2.70 8.10 0.25 
R+4 187.41 45.48 3.40 3.10 9.31 0.30 
Rf6 410.55 69.71 3.90 3.80 7.60 0.28 
R+8 353.50 99.04 4.10 3.16 9.48 0.32 
R+10 2600.43 106.32 3.40 4.50 27.00 0.34 
2 1959.50 27.94 6.40 5.83 17.50 0.19 
4 786.55 51.58 4.20 2.06 14.39 0.24 
6 3198.37 55.88 3.40 2.95 29.50 0.27 
8 3094.95 92.88 3.90 4.62 23.10 0.30 
10 1851.23 104.65 3.40 4.72 23.60 0.36 
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LocationtElbow Lake, MN 
Soil: Sverdrup 
till Mow Total Total Time Ave h Total h Mean 
Status Headcut Discharge Vel 
Erosion 
g lit min cm cm m/sec 
2 Ef2 267.30 34.52 3.80 3.30 3.30 0.29 
2 Rf4 1638.72 52.49 3.30 1.72 6.86 0.31 
2 R¥6 1603.83 64.67 3.20 1.08 4.34 0.34 
2 R+8 2845.67 86.54 3.20 2.00 7.99 0.38 
2 RflO 922.80 109.30 3.20 2.25 4.50 0.38 
2 2 403.20 21.11 3.80 2.80 2.80 0.20 
2 4 2836.98 37.14 3.20 2.65 10.60 0.30 
2 6 1285.60 84.86 4.80 2.79 11.17 0.31 
2 8 2654.01 80.77 3.40 2.93 11.72 0.33 
2 10 4354.20 55.63 1.90 3.68 14.70 0.37 
3 R+2 0.00 37.47 3.80 0.00 0.00 0.28 
3 Rf4 518.89 59.24 3.30 3.20 3.20 0.33 
3 Rf6 1767.10 71.18 3.20 2.68 13.38 0.36 
3 IU8 1965.77 94.88 3.20 3.36 16.79 0.38 
3 RflO 3751.02 111.30 3.20 3.83 15.30 0.36 
3 2 79.60 23.45 3.80 2.60 2.60 0.25 
3 4 1200.82 41.39 3.20 4.59 13.77 0.32 
3 6 808.70 89.26 4.80 4.99 4.99 0.35 
3 8 181.81 88.01 3.40 4.43 8.86 0.36 
3 10 3268.98 55.65 1.90 3.33 13.30 0.36 
6 R+2 489.60 35.09 3.80 6.80 6.80 0.33 
6 Rf4 0.00 51.61 3.30 0.00 0.00 0.40 
6 Rf6 1944.00 60.43 3.20 3.56 7.13 0.41 
6 Rf8 1754.91 81.02 3.20 2.41 9.63 0.45 
6 RflO 7209.37 96.58 3.20 3.12 18.70 0.41 
6 2 168.84 16.95 3.80 2.50 2.50 0.18 
6 4 937.44 36.56 3.20 2.44 12.20 0.27 
6 6 1712.40 74.52 4.80 2.50 12.48 0,30 
6 8 2073.39 81.29 3.40 2.10 6.30 0.36 
6 10 2313.00 53.45 1.90 2.77 8.30 0.36 
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Location:Morris, MN 
Soil: Bams 
Flow Total Total Time Ave h Total h Mean 
Status Headcut Discharge Vel 
Erosion 
g lit min cm cm m/sec 
RfO 93.07 29.27 10.20 3.00 6.00 0.18 
Rf2 381.60 24.88 2.90 3.50 7.00 0.30 
Rt4 732.74 45.20 2.90 2.58 12.90 0.32 
Ef6 1991.38 89.69 4.20 1.92 13.47 0.35 
R*.8 1822.22 80.19 2.90 3.78 15.11 0.34 
RflO 9203.76 120.38 3.50 4.45 26.70 0.35 
2 3857.68 22.89 4.70 3.75 4.00 0.20 
4 4252.28 40.65 3.40 3.90 31.22 0.27 
6 1353.33 63.73 3.40 3.91 19.53 0.30 
8 1457.43 73.80 2.70 4.32 12.95 0.32 
10 2783.54 123.96 3.80 5.53 22.13 0.36 
R+0 381.31 33.46 10.20 3.00 15.00 0.17 
Rf2 98.95 29.57 2.90 2.90 2.90 0.27 
Rf4 1672.72 50.11 2.90 2.36 11.81 0.30 
Rf6 1690.88 91.25 4.20 2.97 20.76 0.32 
RfS 3707.06 85.90 2.90 3.15 25.24 0.34 
RflO 6521.48 111.16 3.50 3.67 25.70 0.37 
2 1686.75 23.83 4.70 4.10 16.40 0.18 
4 2963.05 54.45 3.40 3.81 26.70 0.25 
6 3051.00 64.74 3.40 4.77 28.63 0.26 
8 5029.20 74.06 2.70 5.27 31.63 0.33 
10 12403.96 123.12 3.80 5.32 26.60 0.33 
R+0 117.24 28.05 10.20 4.20 4.20 0.18 
Rf2 148.88 27.72 2.90 3.93 11.80 0.29 
Rf4 44.23 48.40 2.90 2.04 4.08 0.34 
R+6 812.86 93.35 4.20 2.94 17.50 0.32 
Rt-8 1628.55 87.22 2.90 2.37 21.33 0.32 
RflO 3587.18 130.31 3.50 2.94 23.50 0.36 
2 1709.63 25.29 4.70 3.23 19.40 0.18 
4 1625.05 46.27 3.40 1.88 7.50 0.26 
6 1898.34 70.43 3.40 3.20 9.60 0.29 
8 1257.20 77.02 2.70 2.97 11.86 0.34 
10 446.92 139.82 3.80 2.67 8.00 0.36 
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Table Bl. Selected soil properties made on 1987 WEPP cropland soils 
Soil Sand 
% 
Silt 
% 
Clay 
% ] 
CEC 
meq/lOOg 
OM 
% 
Water 
% 
M BD 
g/cc 
SS 
m2/g 
4 84.4 9.8 5.8 5.1 0.16 7.3 29.5 1.64 25 
5 47.8 39.9 12.3 10.4 0.82 13.1 60.4 1.39 39 
12 9.8 70.1 20.1 19.6 1.76 26.3 63.0 1.18 86 
13 46.3 29.7 24.0 28.3 1.69 20.3 32.1 1.27 56 
14 22.4 33.4 44.2 31.6 2.06 23.4 22.6 1.00 206 
17 76.0 15.3 8.7 11.0 1.28 13.4 16.8 1.44 31 
18 48.6 34.4 17.0 19.5 1.98 21.8 38.0 1.22 77 
Table Bl. Continued 
Soil Shear angle Rn hole Unconfined comp. Load Darcy's K 
0 m/s Ih/ft^ Ksf fVday 
4 23 0.94 190 7.6 15 
5 30 0.92 260 8.8 2 
12 31 12.90 285 24.0 1 
13 27 5.19 240 16.9 2 
14 32 15.00 350 17.2 1 
17 27 4.94 190 13.5 5 
18 33 12.00 190 24.6 8 
